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The  study  program  is  sponsored  by  the  Flight  Accessories  Laboratory 
Of  the  Aeronautical  Systems  Division  Of  the  USAF.  It  is  under  the  direction 
Of  A.  L.  Ingel  finger  and  A.  Gross  of  the  Environmental  Control  Section. 

ASD  Monitor  of  this  report  is  W-.  Fox.  R.  E.  SextOn  of  the  Space  and  Infor¬ 
mation  Systems  Division  Of  North  American  Aviation,  InC.,  is  the  program 
project  manager.  At  AiResearCh,  C.  S.  Coe  is  the  principal  investigator. 

This  report  was  prepared  by  J.  Rousseau'  of  AiResearCh;  Other  personnel 
who  assisted  in  the  preparation  are  W.  L.  Burr! ss,  C.  S.  Coe,  and' L.  E. 
Hummel'.  Achnowl edgement  is  given  to  F.  H.  Green  who  prepared'  the  sections 
on  system  requirements/  system  parameters,  and!  leakage  detect F6h>  and9 
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ABSTRACT 


Studies  are  presented  of  subsystems  performing:  one  single  atmosphere 
control!  function  and1  of  complete  atmospheric  control'  systems.-  The  sub¬ 
systems  considered  are  the  f  of  lowing::  gas  supply,  humidity  control,  carbon 
dioxide  management,  trace  contaminant  removal,  and  oxygen  recovery  from 
carbon  dioxide.  Parametric  data  are  presented  whereby  the  subsystems  and 
systems  are  character ized:  in  terms  of  vehicle  and  mission  parameters; 
Interfaces  between’  the  atmospheric  control  system’  and  other  vehicle  systems 
adso  are  taken  into  account. 


Comparison  of  the  subsystems  considered  are  performed  on  an  equivalent 
weight  basis  where  the  equivalent  weight  includes  hardware  weight  as  well 
as  penalties  for  material  balance,  power  consumption,  and  heat  rejection 
load.  Areas  of  utilization  of  the  Various  subsystems  are  defined  in  terms 
of  mission  duration,  crew  complement,  and  cabin  atmosphere  parameters. 

This  report  baa  been  reviewed  end  is  approvsd. 


u-i  U •  ^hTTvv-xK^ 

Chief,  bnvircnmental  Brenda 
Flight  accessories  Laboratory 
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SECTION  I 
INTRODUCTION* 


THERMAL  AND  ATMOSPHERIC  CONTROL  STUDY  PROGRAM 

This  report  is  one  of  a  series  summarizing  the  results  of  a  study 
entitled  "Space  Vehicle  Thermal  and  Atmospheric  Control"  being  performed 
for  the  Aeronautical  Systems  Division  of  the  United  States  Air  Force. 

This  study  comprises  a  broad  program  concerned  with  analytical  and  ex¬ 
perimental  investigation  of  the  problems  In  providing  suitable  thermal 
and  atmospheric  control  for  men  and  @«|US'ptHvn  t  fn  future  military  space 
vehicles. 

The  Space  Vehicle  Thermal  and  Atmospheric  Control  Study  has  three 
general  obj ect i ves : 

t.  Development  of  improved  analytical  methods  for  predicting  the 
requirements  for,  and  performance  of,  space  vehicle  thermal 
and  atmospheric  control  systems. 

2.  Development  of  improved  methods,  techniques,  systems,  and 
equipment  for  thermal  and  atmospheric  control. 

3.  Development  of  criteria  and  techniques  for  the  optimization 
of  thermal  and  atmospheric  control  systems  and  integration  of 
these  systems  with  other  systems  of  a  space  vehicle. 

To  attain  these  objectives  requires  that  program  studies  employing 
a  wide  range  of  technical  disciplines  be  conducted  on  several  levels. 
Thus,  on  the  one  hand,  the  basic  characteristics  of  processes  and  equip¬ 
ment  components  required  for  thermal  and  atmospheric  control  are  being 
analyzed  and  organized  to  permit  rational  synthesis  and  optimization  of 
thermal  and  atmospheric  control  systems.  On  the  other  hand,  to  guide 
study  endeavors  along  lines  which  would  find  immediate  and  practical  ap¬ 
plication,  the  thermal  and  atmospheric  requirements  associated  with  a 
series  of  hypothetical  manned  and  unmanned  space  vehicles  are  being  in¬ 
vestigated.  These  vehicles,^  representati ve  of  a  number  of  earth  orbiting 
and  cislunar  missions,  are  being  carried  through  the  preliminary  design 
stage  and  used  as  thermal  and  atmospheric  control  models  for  system 
opt i mi zat i on  and  integration  studies. 

*Manu script  released  July  1962  by  the  author  for  publication  as  ah  ASD 
Technical  Documentary  Report 
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PURPOSE  AND  SCOPE  OF  REPORT 


The  principal  purpose  of  this  report  is  to  analyze  and  compare  com¬ 
peting  systems  and  subsystems  for  space  vehicle  atmospheric  control*  An 
atmospheric  control  system  includes  those  components  which  supply  re¬ 
quired  oxygen,  which  maintain  humidity  and  contaminant  concentrations  at 
optimum  levels,  and  which,  for  missions  of  extended  duration,  recover 
oxygen  from  contaminants.  Systems  are  compared  on  the  basis  of  weight 
as  a  function  of  crew  complement  and  mission  duration  where  the  equi¬ 
valent  weight  of  power  penalties,  associated  with  requirements  for  heat¬ 
ing,  cooling,  fluid',  circulation-,  and  control,  are  included.  Other  system 
characteri  stics,  such  as  safety,  rel  iabi  1 ity  considerations,  and  Con¬ 
venience,  also  are  emphasized. 

Initial  comparisons  will  be  made  on  the  basis  of  subsystems,  the 
subsystem  being  an  arrangement  of  components  serving  a  single  function 
such  as  carbon  dioxide  management.  Final  compuri son  wi 11  be  made  on 
complete  systems  which  perform  the  entire  atmospheric  control  function. 

Space  vehicle  atmospheric  requirements  are  reviewed  briefly,  for 
both  manned  and  unmanned  space  vehicles,  as  a  basis  for  the  subsequent 
system  and  subsystem  design  and  analysis.  These  designs  also  are  based 
on  the  process  and  component  analytical  methods  developed  in  the  ASD 
Technical  Report  entitled  "Analytical  Methods  for  Space  Vehicle  Atmos¬ 
pheric  Control  Processes,  Part  I  and  Part  II . "  These  reports,  concerned 
With  the  analysis  of  components  and  processes,  logical iy  preceded  the 
completion  of  the  present  study. 

In  some  cases,  information  pertinent  to  certain  atmospheric  control 
processes-  Is  incomplete  of  preliminary*  I’n  this  case  estimates  were  made 
on  the  basis  of  theoretical  considerations  or  simpl If  led  assumptions. 
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NOMENCLATURE  (continued) 
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SECTION  III 

GENERAL  APPROACH  TO  SYSTEM  DESIGN 


SYSTEM  REQUIREMENTS 

In  determining  the  requirements  for  an  atmospheric  control  system 
for  a  Space  vehicle,  it'  is  important  to  learn  the  relations  between 
these  requirements  and  the  particular  events  included1  in  the  anticipated 
mission  of  the  space  vehicle.  A  method  of  presenting  this  is  shown  in 
Figure  I.  On  this  chart,  reading  from  the  left,  are  listed  all  ex¬ 
pected  events  and  their  probable  sequence.  Events  occurring  as  part  of 
a  normal  flight  plan  are  Shown  in  circles.  Those  events  which  must  be 
allowed  for  but  which  are  considered  emergency  Conditions  are  shewn  in 
hexagons.  Any  rendezvous  between  one  vehicle  and  another  is  repre¬ 
sented  by  a  diamond. 

By  setting  up  this  chart  and  later  filling  in  the  periods  Of  time 
involved  for  each  event,  and  the  resulting  requirements,  a  full  picture 
is  presented  of  the  relation  between  the  space  vehicle  mission  and  the 
requirements  for  the  atmospheric  control  system.  In  expressing  the  re¬ 
quirements,  it  iS  important  to  consider  both  the  rate  of  use  of  the 
particular  requirement  and  its  total  uSe  Over  the  enti re  mi ssion. 

The  following  considerations  are  apropos  of  such  a  chart  as  Figure  1: 

1.  ‘It  will  be  necessary  to  plan  for  the  possibilities  of  a  flight 
abort  from  almost  any  condition,  and  the  succeeding  events 

must  be  anticipated  to  result  in  safe  recovery  of  the  astronauts 

2.  It  will  be  necessary  to  allow  for  the  possibility  of  depres¬ 
surizing  and  repressurizing  the  capsule  at  least  Once  due  to 
leakage,  fire  or  contamination,  with  this  event  likely  to 
Occur  anywhere  within  the  flight  plan. 

3.  If  the  crew  are  to  get  into  their  suits  rapidly,  as  in  a  de¬ 
pressurization  Operation,  then  excess  oxygen  Will  be  needed 

to  scavenge  the  suit  system*  If  the  men  must  leave  the  Vehicle 
in  pressure  suits,  then  this  must  be  shown  Oh  the  Chart;  in 
computing  the  requirements  for  the  Use  of  pressure  suits,  the 
air  Used  in  the  airlock  must  be  included* 

4*  After  takeoff,  a  typical  flight,  such  as  shown  in  Figure  t. 

Would  probably  first  go  into  earth  orbit,  then,  with  further 
acceleration,  start  a  transit  to  the  moon;  on  approaching  the 
moon,  it  would  go  into  a  lunar  orbit,  and,  from  this  orbit, 
after  proper  observation,  would  initiate  the  moon -landing 
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sequence.  After  landing,  probably,  one  or  more  of  the  crew 
would  leave  the  vehicle  for  exploration.  Subsequently,  take¬ 
off  must  be  made  from  the  moon  So  a  lunar  orbit,  a  transit 
made  to  an  orbit  above  the  earth,  and  then  the  final  re-entry, 
landing,  and  recovery  operations  accomplished. 

5.  At  almost  any  orbit  or  stationary  location,  as  on  the  moon, 
rendezvous  with  other  vehicles,  manned  or  unmanned,  may  well 
form  part  of  the  flight  program.  If  such  a  rendezvous  i s  made, 
there  will  probably  be  an  exchange  of  supplies,  equipment, 
energy,  or  other  items  which  can  be  allowed  for  on  the  chart. 

Although  this  chart  resembles  the  PERT  chart  used  for  program  evalu¬ 
ation,  it  is  riot  necessary  to  make  as  much  detailed  use  of  the  chart  as 
is  done  in  that  program.  Rather,  the  chart  is  presented  to  form  the 
basis  of  a  clear  definition  of  the  entire  problem,  so  that  no  likely  event 
will  be  overlooked  in  studying  the  requirements  for  the  atmospheric  con¬ 
trol  system. 

In  determining  the  detailed  atmospheric  requirements  for  specific 
pieces  of  equipment  in  the  vehicle,  especially  an  unmanned  vehicle,  the 
most  important  considerations  usually  are  the  presence  of  an  atmosphere 
and  the  handling  of  the  load  of  the  equipment.  It  should  be  remembered 
that  any  energy  going  into  a  piece  of  equipment  used  on  a  space  vehicle 
will  eventually  appear  in  the  form  of  heat;  that  is,  any  electrical 
equipment  drawing  a  current  will  have  a  heat  output  exactly  equal  to 
that  of  the  electric  current  operating  the  equipment.  In  case  the  equip¬ 
ment  is  hydraulic  or  pneumatic,  then  a  similar  situation  applies.  In 
the  case  of  heat  loads,  the  temperature  level,  the  type  of  coolant,  the 
coolant  flow  rate,  and  the  coolant  pumping  method  all  are  likely  to  in¬ 
fluence  the  actual  requirements.  In  some  cases,  of  course,  the  coolant 
may  be  a  liquid.  When  the  coolant  is  a  gas,  then  it  is  probable  that 
its  control  system  will  be  similar  to  that  of  the  atmospheric  control 
system  for  the. men. 

In  studying  the  loads,  it  is  considered  easier  to  assume  that  the 
loads  introduced  by  the  environmental  control  systems  themselves  are 
part  of  the  systems  and  affect  system  operation  directly,  rather  than 
considering  them  as  external  loads  on  the  systems.  By  this  is  meant  that, 
if  the  atmospheric  temperature  rises  in  passing  through  a  compressor,  it 
should  be  represented  by  showing  a  temperature  change  in  the  circuit  it¬ 
self,  rather  than  reducing  it  to  a  certain  number  of  Btu's  of  load. 

The  type  of  equipment  will  have  a  large  effect  on  the  type  of  atmos¬ 
pheric  control  necessary.  Photographic  equipment,  for  example,  has 
temperature  and  humidity  requirements  similar  to  those  of  a  man.  Elec¬ 
tronic  equipment  generally  is  relatively  sensitive  to  temperature,  par¬ 
ticularly  affecting  high  reliability  and  long  life  of  the  equipment.  In 
some  cases,  a  difference  of  a  few  degrees  in  temperature  may  mean  a  change 
of  50  per  cent  in  the  reliability  of  the  equipment.  In  this  connection 
also,  it  may  be  desirable  to  arrange  the  system  so  that  the  air  passes 
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successively  over  higher  temperature  limit  equipment  and  makes  the  most 
efficient  use  of  the  available  cooling. 

In  a  manned  Space  vehicle.,  it  is  necessary  to  determine  the  relative 
metabolic  loads  on  the  atmospheric  control  system  at  each  of  the  various 
levels  of  activity  which  will  result  from  each  of  the  events  contained 
in  the  flight  plan.  A  chart  on  Figure  1  indicates  typical  metabolic  loads 
in  Btu  per  hr  per  man.  It  has  seemed  desirable  to  divide  the  crew's  work 
into  f i ve  di fferent  levels  of  activity:  rest,  duty,  stress,  "heat,"  and 
emergency.  For  the  rest  activity,  the  total  load  is  low,  representing 
a  basal  metabolic  rate  of  slightly  less  thaii  1.  For  normal  duty,  the 
load  is  higher  but  by  no  means  stressful.  Under  some  conditions,  it  will 
be  necessary  to  go  to  a  stress  load  nearly  twice  as  high  as  the  duty  load. 
All  of  these  loads  show  a  variation  in  sensible  and  latent  heat. 

When  a  man  is  in  a  pressure  suit  and  working  in  the  sunlight,  during 
and  immediately  following  re-entry,  and  possibly  at  other  times,  the 
load  can  best  be  expressed  as  "hot,"  a  condition  in  which  the  inlet  air 
through  the  suit  i s  at  a  temperature  high  enough  that  transfer  of  heat 
from  the  body  must  take  place  as  latent  heat,  and  none  of  it  can  take 
place  as  sensible  heat.  In  other  words,  in  such  a  condition,  the  air 
does  not  change  dry  bulb  temperature,  but  cools  entirely  by  picking  up 
a  large  amount  of  moisture.  This  effect  is,  of  course,  much  more  promi¬ 
nent  at  the  lew  pressures  which  will  probably  be  used  In  any  pressurized 
su  i  t . 


The  highest  loads,  or  the  emergency  conditions,  will  occur  when  some 
unplanned  event  takes  place;  in  this  case,  the  latent  load  goes  very  high, 
leading  to  a  total  perhaps  three  times  as  high  as  that  of  normal  duty. 

It  should  be  noted  that  tolerability  to  the  three  highest  load  levels  is 
limited,  both  at  a  specific  time  and  also  limited  in  their  total  extent 
within  a  particular  mission.  Although  the  probability  of  these  inter¬ 
vals'  becoming  extended  does  not  seem  high,  the  capability  of  handling 
them  for  reasonable  periods  of  time  must  be  part  of  the  atmospheric  con¬ 
trol  system. 

Figure  1  also  contains  a  chart  showing  the  probable  load  types  identi 
fied  by  Roman  numerals,  ranging  from  I  to  X.  The  lightest  load  likely  to 
occur  for  a  three-man  vehicle  would  be  Type  I:  two  men  at  rest  and  one 
man  on  duty.  The  highest  load  would  be  Type  X:  three  men  under  emergency 
conditions.  The  probable  normal  operating  load  during  orbits  and  transits 
would  be  Type  II:  one  man  at  rest  and  two  men  on  duty.  The  other  types 
represent  various  estimates  of  the  loads  involved  in  landings,  takeoffs, 
rendezvous,  and  various  operations  outside  the  vehicle  or  on  the  moon. 

Each  type  is  indicated  by  a  Roman  numeral  at  the  appropriate  location  on 
the  main  chart  of  Figure  1. 

In  actually  planning  the  operation  of  the  atmospheric  control  system, 
the  psychrometric  chart  Is  a  very  useful  tool.  It  is  necessary,  of  course 
to  have  a  chart  made  for  the  particular  conditions  which  will  exist  with¬ 
in  the  vehicle.  Such  a  chart  is  shown  in  Figure  2,  which  has  been  drawn 
for  a  total  pressure  of  7.5  psia  with  50-volume  per  cent  oxygen  and 
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7.5  psla,  50  Per  Cent  Oxygen,  50  Per  Cent  Nitrogen 


50-volume  per  cent  nitrogen.  Other  reports  show  it  desirable  to  maintain 
temperature  close  to  70® F  and  relative  humidity  at  about  50  per  cent. 
Experience  shows  it  is  better  to  compute  the  results  relative  to  the  la¬ 
tent  heat  load  and  then  determine  their  applicability  to  the  sensible 
heat  load.  In  Condition  II  of  Figure  1,  the  normal  orbit  or  transit 
condition,  the  total  heat  loads  will  be  a  sensible  heat  load  of  780  Btu 
per  hr  and  a  latent  heat  load  of  620  Btu  per  hr,  or  10.3  Btu  per  min. 

This  is  equivalent  to  69  gr  of  water  per  min.  At  the  inlet  to  the  equip¬ 
ment,  the  limitation  is  the  dew  point  temperature  which  can  be  readily 
obtained,  as  in  an  evaporating  water-to-ai r  heat  exchanger.  This  may  be 
conservatively  estimated  as  45°F,  since  the  evaporating  temperature  is 
controlled  to  35®F  to  prevent  freezing.  A  dew  point  of  45°F  (Point  A  on 
Figure  2)  corresponds  to  84  grains  of  water  per  lb  of  dry  air.  The 
water  content  at  the  operating  point  (Point  B  of  Figure  2)  is  105  grains 
per  lb.  Thus,  there  is  a  possible  pickup,  in  passing  through  the  Cap¬ 
sule,  of  21  grains  per  1b  of  dry  air.  This  would  give  a  dry  air  flow 
requirement  of  69  divided  by  21,  or  3.29  lb  of  airflow  per  min. 

Regarding  the  sensible  heat  load,  if  the  air  enters  at  45®F  and 
the  sensible  load  is  780  Btu  per  hr,  or  13  Btu  per  min,  the  dry  bulb 
temperature  of  the  air  will  rise  some  17®F.  If  the  air  enters  at  45®F 
dry  bulb,  the  crew  would  raise  the  temperature,  due  to  sensible  heat, 
only  to  62'® F,  rather  than  the  70®F  originally  estimated.  However, 
other  heat  sources  likely  would  contribute  further  to  the  increase  in 
dry  bulb  temperature  of  the  capsule  air.  If  not,  it  becomes  a  question 
of  studying  the  air  conditioning  system  to  determine  whether  there  is 
some  other,  more  satisfactory  arrangement  of  flow  and  dew  point  or  to 
incorporate  within  the  air  conditioning  system  a  dry  reheating  cycle 
which  would  increase  the  dry  bulb  temperature  of  the  air  but  not  in¬ 
crease  the  humidity,  before  the  air  is  returned  to  the  capsule  for  use. 

The  psych rometric  chart  in  Figure  3,  drawn  for  a  pure  oxygen  at¬ 
mosphere  at  5  psia,  relates  to  men  in  the  Suits  at  lower  pressure.  Ex¬ 
periments  with  pressure  suits  tend  to  indicate  that  for  moderate  work 
loads  the  air  coming  from  the  man’s  Suit  Will  be  on  the  Order  of  85°f, 
regardless  of  the  exact  inlet  temperature.  In  other  words,  the  human 
metabolism  changes  somewhat  to  allow  for  various  amounts  of  pickup. 

Also,  in  actual  practice,  it  is  found  that  10  cfm  per  Suit  at  the  oper¬ 
ating  pressure  is  about  the  maximum  which  can  readily  be  accommodated. 

At  5  psi  oxygen,  this  is  a  flow  of  about  0.29  Tb  per  min  per  Suit.  A 
latent  heat  load  of  600  Btu  per  hr,  or  10  Btu  per  min,  Will  require  the 
evaporation  of  65  grains  of  Water  per  min.  Since  the  flow  is  0.29  1b 
per  min,  i t  Wi 1 1  require  226  grains  per  lb  change  in  moisture  Content 
of  the  oxygen  to  provide  the  necessary  evaporation  for  Cooling*  Oxygen 
entering  the  suit  at  45°F  saturated  (Point  A),  or  121  grains  per  lb, 

Would  leave  the  suit  at  347  grains  per  lb,  which  Corresponds  to  a  temper¬ 
ature  of  about  84®F  and  70  per  Cent  relative  humidity  (Point  B)  <  This 
Corresponds  to  a  sensible  heat  pickup  of  about  175  Btu  per  hr.  If  this 
is  insufficient,  the  metabolic  processes  Will  change  Slightly  to  pro¬ 
vide  a  higher  latent  heat  load.  There  is  still  considerable  leeway  for 
this,  since  the  humidity  at  84®F  and  saturation  is  51 6  grains  per  1b. 
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WATER  CONTENT,  MAINS  Of  WATER  ff*  LO  Of  DAT  CAS 


Figure  3.  P5yehr0me.tr  Ic  Chert  -  3.5  psla,  100  Per  Cent  Oxygen 


Although  a  less  comfortable  condition,  it  certainly  would  be  acceptable 
in  an  emergency.  Once  the  cycle  has  been  worked  out  on  a  psych rom'et ric 
chart,  it  may  be  advisable  to  check  it  by  hand,  since  even  small  changes 
in  total  pressure  in  the  circuit  itself  may  make  some  little  difference 
in  the  psych romet ric  conditions  for  these  relatively  low  total  pressures. 

SYSTEM  PARAMETERS 

Significant  criteria  to  be  considered  in  evaluation  of  an  atmospheric 
control  system  include: 

Weight 

Power  requi rement 

Volume 

Rel iabi 1 i ty 

Development  status 

Interfaces  with  other  systems 

For  any  given  application,  it  will  be  necessary  to  consider  all  of 
these  criteria,  since  no  single  one  can  be  assumed  to  be  Controlling  in 
the  selection  Of  the  optimum  system.  Also,  the  criteria  are  not  indepeh!- 
dent  of  one  another. 


Weight  includes  the  weights  of  fixed  equipment,  ducts  and  connect¬ 
ing  fixtures,  any  supplies,  such  as  activated  charcoal,  necessary  to  the 
operation  of  the  system,  and  related  control  mechanisms  and  instrumentation* 
In  addition,  the  power"  requirement  is  often  Considered  in  terms  of  the 
weight  required  for  the  power  sources,  of  whatever  kind. 

PoWe  t  Requirements 

Power  requirements  include  mechanical  Or  pneumatic  power  for  circu¬ 
lation  of  the  atmosphere,  heat  power  for  use  in  the  catalytic  burner, 
mechanical  or  pneumatic  power  for  the  water  separator,  and  pneumatic  Or 
electrical  power  for  operation  of  control  elements  and  instrumentation. 
Mechanical  power  may  come  from  electric  motors,  and  heat  power  may  Come 
from  electric  resistance  elements;  that  is,  the  entire  power  supply  may 
be  electrical.  Pneumatic  power  is  customary  in  capsule  pressure  controls 
and  pressure  relief  valves. 

The  preferred  type  of  power  Wiii  depend  upon  the  design  of  the  equip¬ 
ment  and  on  the  relative  availability  of  the  different  types.  For  con¬ 
tinuously  rotating  devices,  such  as  compressors,  electrical  power  may  be 
better  than  pneumatic,  While  for  periodically  actuated  devices,  such  as 
water  separator  sponges  or  control  valves,  pneumatic  power  may  have  dis¬ 
tinct  advantages. 

both  the  maximum  rate  at  which  power  will  be  used  and  the  average 
rate  must  be  considered.  The  penalty  imposed  by  any  power  source  will 
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be  a  combination  of  the  influences  of  the  maximum  rate  and  the  average 
rate  times  the  use. 


Two  philosophies  are  used  in  computing  power.  The  first,  which  is 
machine-oriented,  is  to  set  up  the  flow  circuit  and  then  compute  the 
total  gross  power  required  by  the  components  to  maintain  operation  of  the 
circuit.  In  practice,  one  assumes  a  flow  rate,  composition,  density;,  and 
temperature.  The  pressure  drops  of  the  individual  equipment  and  ducts 
are  computed  and  added  to  give  the  total  pressure  drop  in  the  circuit. 

A  compressor  Capable  of  providing  a  pressure  rise  equal  to  the  computed 
pressure  drop  is  then  chosen.  The  power  required  by  the  compressor  driv¬ 
ing  means  (an  electric  motor)  is  then  said  to  be  the  power  required  to 
maintain  the  desired  fluid  circulation  in  the  Circuit. 

The  second  method,  which  is  function-oriented,  determines  with  re¬ 
spect  to  each  equipment  and  duct  section,  the  power  equivalent,  at  100 
per  Cent  efficiency,  of  the  pressure  drop  in  the  device.  The  resulting 
total  power  equivalent  is  then  modified  to  reflect  attainable  power 
Conversion  efficiencies,  and  the  required  total  power  is  found.  This 
function-oriented  method  has  two  drawbacks  when  compared  with  the  machine- 
oriented  method.  The  resulting  calculations  are  more  complex.  Without 
being  more  accurate.  Also,- unless  great  Care  is  used,  violation  of  the 
principles  of  continuity  and  conservation  of  energy  may  occur,  resulting 
in  meaningless  values. 

Vol ume 

The  volume  of  an  atmospheric  control  system  is  relatively  difficult 
to  determine  at  an  early  stage  of  the  program.  This  is  due  to  the  fact 
that  a  substantial  percentage  of  the  total  Volume  is  necessarily  devoted 
to  dluCtS  and  fitting,  the  actual  size  of  which  is  very  dependent  upon 
the  layout  Or  arrangement  of  components.  The  total  volume  includes: 

a.  Core  Volume  or  volume  of  heat  exchanger  element,  or  volume  of 
reacting  Substance,  such  as  lithium  hydroxide 

b.  Volume  of  the  supports  for  the  core 

C.  Volume  of  the  pans  and  manifolds 

d.  Volume  of  associated  or  integral  ducts 

e. -  Volume  of  auxiliary  (terns,  spare  parts,  tools, and  replacement 

chemicals  SUch  as  lithium  hydroxide 

f;  Volume,  space  clearance  necessary  for  access  to  equipment  and 
for  repairs,  oh  the  ground  or  in  flight 

It  Is  essential  that  a  layout,  Or  better  a  mock-Up,  be  Used  to 
arrange  circuit  components  for  minimum  volume. 


Re! iabi  1  itv 

Reliability  is  an  important  criterion  in  evaluating  atmospheric 
control  systems.  Although,  in  certain  cases,  there  is  little  information 
on  which  to  base  component  failure  rates,  the  use  of  good  engineering 
judgment  will  tend  to  give  reasonabl y  val id  system  reliabilities,  espec¬ 
ially  when  these  results  are  to  be  used  primari ly  in  a  relative,  rather 
than  absolute,  comparison. 

Reliability  studies  should  be  made  with  full  cognizance  of  the  criti¬ 
cal  nature  of  specific  malfunctions  and  the  results  of  failures  of  parts 
and  systems.  Advantage  should  be  taken,  and  reflected  in  the  reliability 
calculations,  of  the  possibilities  of  redundancy  and  of  replacement  and 
repair  of  components  when  a  human  operator  is  present.' 


Development  Status 

The  development  status  of  each  component  and  subsystem  should  be 
determined  to  provide  an  evaluation  aS  to  the  probability  that  the  total 
system  can  be  developed  within  the  known  limitations  of  time  and  budget. 
FOr  example,  the  design  of  some  Components,  such  as  heat  exchangers  and 
duCts,  is  so  well  advanced  that  they  may  be  assumed  to  perform  as  re¬ 
quired,  with  little  or  no  development.  On  the  other  hand,  a  regenerative 
Chemical  system  for  space  application  will  require  extensive  develop¬ 
ment,  together  with  some  risk  that  it  will  not  be  possible  to  reach  the 
goals  at  the  desired  time.  A  closely  related  problem  is  the  adaptability 
of  the  system  to  different  mission  profiles/  a  requirement  which  is  be¬ 
coming  essential. 

interfaces  with  Other  Systems 

There  are  numerous  interfaces  between  the  atmospheric  control 
system  and  the  other  vehicle  systems.  All  of  these  must  be  taken  into 
Consideration  in  arriving  at  conclusions  relative  to  the  advantages  and 
disadvantages  of  competing  systems,  (interfaces  also  may  be  Considered 
as  placing  restraints  Of  requirements  on  the  System;  however,  the  emphasis 
IS  different.)  Typical  interfaces  include: 

a.  Thermal  loads  to  and  from  other  Vehicle  systems,  including 
Vehicle  Structure 

b.  Power  requirements,  including  quality,  type,  amount,  and  vari¬ 
ation  of  rate 

ti.  Supplies  of  oxygen,  nitrogen,  and  any  other  gases  required. 

This  is  especially  important  when  the  gases  afe  stored  re¬ 
motely  or  depend  Upon  another  process,  such  as  fuel  cells. 

Each  gas  should  be  separately  considered.  Also,  the  energy 
connected  with  the  storage  and  delivery  of  the  gas  must  be 
taken  into  account. 
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d.  Metabolic  inputs  from  occupants,  carbon  dioxide,  water  vapor, 
odors  and  the  1 i ke 

e.  Water  from  water  separator,  and  water  to  evaporators  in  the 
atmosphere  control  circuit 

f.  Chemical  process  supplies,  such  as  lithium  hydroxide,  molecular 
sieves,  activated  charcoal,  and  catalysts 

g.  Vibration  and  shock  loads,  including  those  generated  Within 
the  system  and  those  received  from  outside 

h.  Hoi se  generated  by  operation  of  the  system 

i.  Control  linkages  for  operation  of  the  atmospheric  control 
system  itself 

j.  Space  and  relative  location  requirements  within  the  vehicle. 

The  resolution  of  this  item  usually  requires  the  use  of  mock- 
ups  and  trade-off  studies  with  other  spacecraft  systems. 

k.  The  ground  checkout  system 

K  Onboard  display  instrumentation 

m.  Instrumentation  providing  information  to  be  telemetered 

n.  Provision  for  Supplying  an  atmosphere  for  use  in  a  backpack 
to  provide  atmospheric  Control  for  a  pressure  suit  used  for 
extravehicular  operation 

O'.  Provision  for  use  of  an  airlock  to  enable  occupants  in  pressure 
suits  to  leave  and  re-enter  the  space  vehicle 

p.  Detection  of  malfunctions  within  the  system  and  the  trans¬ 
mission  of  the  information  to  the  astronauts 

q.  Interaction  with  operator;  manual  Control  required;  extent 
and  scheduling  of  operator's  time;  special  skills  required, 
i  f  any 

r.  Mechanical  support  of  system  Components  on  vehicle  load-bear¬ 
ing  points 

SYSTEM  EVALUATION  CRITERIA 

In  the  preceding  discussions,  the  numerous  parameters  that  must  be 
considered  to  realistically  assess  the  relative  merits  of  competing 
systems  are  reviewed.  From  these  parameters,  general  evaluation  criteria 
must  be  derived  that  will  make  possible  System  comparison  on  an  inte¬ 
grated  basi s,  taking  into  aCCoUnt  major  system  variables  as  well  as  the 
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interfaces  between  the  system  under  consideration  and  other  vehicle 
systems . 


The  most  important  system  parameters  for  space  vehicle  installation 
are  the  weight,  volume,  power  requirement,  heat  rejection  load,  and 
system  material  balance.  These  have  all  been  discussed  above.  As  pointed 
out,  the  volume  of  a  system  is  very  difficult  to  determine  in.  a  study  of 
this  type;  it  depends  to  a  great  extent  on  the  designer’s  ingenuity;  for 
this  reason,  it  will  be  ignored  in  this  study. 


In  the  analyses  conducted  in  this  report.  Competing  systems  and  sub¬ 
systems  are  Compared  on  an  equivalent  weight  basis.  The  equivalent  weight 
is  made  up  of  several  terms  and  is  defined  algebraically  by  the  equation 


y!t  =  WH  +  WP  +  WQ  +  WMAT 


0) 


The  terms  of  this  equation  are  in  turn  defined  and  discussed  below: 

a.  Wu  is  the  system  hardware  weight  Comprising  heat  exchangers, 

n 

canisters,  valves,  ducts,  etc.  This  weight  is  the  actual 
System  wei ght,  including  all  its  components  and  associated 
hardware  such  as  sensors  and  system  flow  controllers. 

b.  Wp  is  the  weight  of  the  vehicle  power  source  chargeable  to 

the  system  under  consideration.  It  Can  be  expressed  as  the 
product  of  the  system  power  requirement  by  the  vehicle  power 
penalty.  The  system  power  requirement  includes  the  power 
expended  to  circulate  the  process  air  through  the  circuit, 
the  power  necessary  for  system  control, and  the  power  required 
for  heating  Or  any  other  process  used  in  the  system. 

The  Vehicle  power  penalty  depends  mainly  On  the  size  of 
the  vehicle  power  installation  and  on  the  mission  duration. 

Short  mission  duration  Vehicles  have  relatively  high  Specific 
weight  power  Sources,  Oh  the  order  of  460  lb  per  kilowatt  of 
installed  power.  On  the  other  hand,  for  long  mission  durations, 

_  the  power  penalty  is  lower,  in  the  range  of  zoo  to  300  lb  per 

ki  loWatt. 


is  the  Weight  of  the  Vehicle  cooling  system  that  can  be 

charged  to  the  particular  system  or  subsystem  considered. 

Is  the  product  of  the  Vehicle  cooling  system  specific  Weight, 
in  ib  per  Watt,  by  the  system  heat  rejection  load.  However, 
this  penalty  depends  not  only  oh  the  size  of  the  heat  load  but 
also  On  the  temperature  level  at  Which  the  heat  load  is  re¬ 
jected  to  the  cooling  system,  this  temperature  level  rmlst  be 
taken  Into  account  when  determining  the  term 
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d.  depends  on  the  system  materia!  balance.  As  an  example)  if 

a  non-regenerable  absorbent  is  used'  for  the  removal  of  carbon 
dioxide  from  the  cabin  atmosphere,  the  weight  of  the  absorbent 
must  be  charged  against  the  system.  Also,  if  water  is  used  in 
a  system,  either  absorbed  or  evacuated  overboard,  then  the 
System,  in  certain  cases,  must  be  charged  for  this  amount  of 
water  expended.  On  the  other  hand,-  if  a  system  produces  water 
or  oxygen,  it  can,  depending  on  the  application,  be  credited 
for  the  production  of  these  materials. 

All  the  possible  interface  conditions  cannot  be  examined  in  a  general 
Study  Of  this  type;  however,  subsystem  comparisons  can  be  Conducted  along 
the  lines  defined  here,  which  yield  realistic  results.  Vehicle  param¬ 
eters,  such  as  power  penalty  used  in  the  following  analyses,  were  deter¬ 
mined  mainly  on  the  basis  of  mission  duration.  Where  the  interface 
parameters  play  an  important  role  in  the  choice  of  Competing  Systems, 
data  are  presented  for  Several  values  of  the  penalties  involved. 

SUBSYSTEM  CONSIDERATIONS 

In  Sections  IV  through  IX,  space  vehicle  atmospheric  control  sub¬ 
systems  are  analyzed,  compared,  and  evaluated.  A  subsystem  is  defined 
as  an  assembly  Of  components  performing  one  single  function.  From  this 
definition,-  several  subsystems  Can  be  recognized  as  integral  parts  of 
a  complete  atmospheric  control  system; 

Gas  Supply  Subsystem 
Humidity  Control  Subsystem 
Carbon  Dioxide  Management  Subsystem 
Trace  Contaminant  Removal  Subsystem 
Cabin  Leakage  Detection  Subsystem 
Oxygen  Recovery  Subsystem 

All  these  subsystems  incorporate  a  number  of  component's  which,  when 
integrated,  can  be  analyzed  as  a  Unit  in  terms  of  parameters  related  to 
the  Cabin  atmosphere,  to  the  Vehicle  itself,  or  to  the  vehicle  mission, 
these  subsystems  are  not  all  affected  by  the  same  parameters,  since  their 
particular  function  differs  great iy<  However,  most  Of  the  systems  are 
affected  by  design  Variables,  such  as  mission  duration,  number  of  Crew 
members  in  the  vehicle,  cabin  pressure,  etc. 

The  analyses  presented  Sri  this  report  are  based  on  data  assumptions 
(■eiatlve  to  the  cabin  atmospheric  composition  and  the  crew  metabolic  be¬ 
havior  Which  can  be  found  in  the  literature.  Reference  is  made  here  to 
two  reports  prepared  as  part  of  the  Thermal  and  Atmospheric  Control  of 
Space  Vehicle  Study:  ASD  TR61-i62  and  ASD  TR6I -240  (References  1  and  3), 
from  which  design  data  assumptions  were  obtained.  Table  1  lists  the 
main  system  and  subsystem  design  Variables  and  the  particular  values  as¬ 
signed  to  some  of  them  in  this  Study. 
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TABLE  1 


SYSTEM  AND  SUBSYSTEM  DESIGN  PARAMETERS 
AND  DATA  ASSUMPTIONS 


Parameter 

Value 

Cabin  temperature 

70°F 

Cabin  total  pressure 

5  to  14.7  psia 

Leakage  rate  from  the  cabin 

Variable  (0  to  20  1 b/day) 

Oxygen  partial  pressure  in  the  cabin 

(See  Figure  4a) 

Carbon  dioxide  partial  pressure  in  the  cabin 

3.8  to  7.6  mm  Hg 

Relative  humidity 

Within  the  comfort  zone 
defined  by  Figure  4b 

Metabolic  oxygen  consumption 

2.0  lb/man-day 

Carbon  dioxide  production  by  respiration 

2.25  lb/man-day 

Water  vapor  generated  by  respiration  and 
perspiration 

2.2  1 b/maii-day 
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PHYSIOLOGICAL  PERFORMANCE  CHARTS 


Figure  4a  i s  a  physiological  performance  chart  presenting  the 
physiological  effects  of  the  relation  between  the  percentage  of  oxygen 
in  the  atmosphere  of  an  airplane  or  space  vehicle  and  the  total  pressure 
of  that  atmosphere.  It  is  based  on  continuous  exposure  or  occupancy 
for  one  week  or  more. 

Atmospheric  air  contains  21  per  cent  oxygen  by  volume.  At  sea 
level,  this  leads  to  a  blood  saturation  of  95  per  cent.  To  maintain  the 
same  degree  of  oxygen  in  the  blood  at  lower  pressures,  the  percentage 
of  oxygen  in  the  atmosphere  must  increase  as  shown  by  the1 sea  level  equi¬ 
valent  curve.  The  Unimpai red  Performance  Zone  indicates  the  range  of 
variations  that  can  be  tolerated  without  performance  decrement. 

The  maximum  tolerance  for  long  periods  has  not  been  investigated 
extensively  but  is  believed  to  be  about  as  shown.  At  points  to  the  left 
of  the  Unimpai red  performance  Zone,  acclimatization  is  required.  Accli¬ 
matization  is  considered  to  be  continuous  exposure  to  conditions  of 
successively  lower  pressure,  with  no  intermediate  return  to  higher  pres¬ 
sure.  For  example,  if  a  person  is  to  remain  for  one  week  at  25,000  ft 
with  21  per  cent  oxygen,  he  will  require  an  acclimatization  period  of 
four  to  six  weeks. 

The  minimum  tolerable  total  pressure  is  based  upon  the  effective 
partial  pressure  of  oxygen,  disregarding  aero-embol ism  which  may  occur 
below  300  mm  Hg  total  pressure  in  the  absence  of  adequate  deni trogenat ion. 
The  aero-embolism  limitation  is  shown  by  the  interrupted  horizontal  line. 

Figure  4b  i s  a  physiological  performance  chart  presenting  the 
physiological  effects  of  the  relation  between  the  dry  bulb  temperature 
and  the  humidity  of  the  atmosphere  of  a  space  vehicle  or  airplane.  The 
humidity  is  expressed  in  terms  of  the  dew  point  temperature,  or  vapor 
pressure,  thus  providing  a  chart  which  is  valid  for  any  of  the  pressures 
shown  in  the  oxygen-pressure  graph. 

For  a  shirt-sleeve  atmosphere,  the  conditions  should  be  within  the 
Unimpaired  Performance  Zone.  The  limits  of  this  zone  are  (1)  a  dew 
point  of  35°F,  below  which  excessive  drying  of  the  respiratory  pass¬ 
ages  takes  place,  (2)  a  relative  humidity  of  about  70  per  cent,  above  which 
skin  and  clothes  are  uncomfortable,  (3)  a  dry  bulb  temperature  of  65°F, 
below  which  extra  clothing  is  required,  and  (4)  a  dry  bulb  temperature 
of  80  to  85®F  depending  upon  dew  point. 

At  points  to  the  right  of  the  Unimpaired  Performance  Zone,  appreci¬ 
able  perspiration  will  occur  as  the  body  seeks  to  maintain  a  heat  balance. 
At  the  normal  limit,  the  perspiration  rate  will  be  of  the  order  of  one 
pint  per  hour;  at  the  extreme  limit,  to  which  many  individuals  are  unable 
to  adjust,  the  perspiration  rate  will  raach  one  quart  per  hour. 
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Figure  4a.  Physiological  Performance  Chart 
Oxygen-'Pressure  Effects 
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To  use  the  charts  to  establish  long-term,,  efficient,  shirt-sleeve 
conditions,  an  atmosphere  is  selected  whose  characteristics  lie  within 
the  Unimpai red  Performance  Zones  of  both  charts.  The  carbon  dioxide 
partial  pressure  should  not  exceed  4  mm  Hg,  the  odor  should  be  unobjection 
able,  and  the  air  movement  should  be  10  to  50  ft  per  minute- 

The  Lovelace  Foundation  was  consulted  in  the  preparation  of  Figures 
4a  and  4b. 

SUBSYSTEM  COMPARISON 

Subsystem  comparison  is  made  on  an  equivalent  weight  basis  as  de¬ 
fined  previously.  The  field  of  application  of  each  subsystem  is  defined 
in  terms  of  mission  duration  and  cabin  parameters  wherever  possible. 

This  simplifies  considerably  the  selection  of  a  particular  system  for 
a  given  application.  In  the  system  discussions  and  comparison,  due  con¬ 
sideration  is  given  to  Crew  safety  and  system  reliability;  although  the 
full  influence  of  these  factors  on  system  selection  is  difficult  to 
assess,  they  certainly  play  an.  important  role  in  System  evaluation. 


SECTION  IV 


BREATHING  and  pressurizing  gas  supplies 


INTRODUCTION  AND  SUMMARY 

In  this  section  are  reviewed  various  means  of  supplying  the  cabin 
with  the  oxygen  and  nitrogen  necessary  for  respiration  and-  cabin  pres¬ 
surization.  Storage  techniques  considered  are: 

High-Pressure  Gas  Storage 
Supercritical  Storage  of -Cryogenic  Fluids 
Subcritical  Storage  of  Cryogenic  Fluids 

Chemical  Generation  of  Atmospheric  gases,  including  Water  Electrolysis 

These  storage  methods  are  analyzed  and  compared  on  a  subsystem  basis. 
Subsystem  evaluation  is  performed  with  the  parameters  discussed  in  Section 
III,  e.g.,  weight  and  size  of  the  subsystem,  reliability,  safety,  and 
control  problems  associated  with  use  in  a  zero-gravity  environment.  For 
mission  durations  in  excess  of  a  few  days,  supercritical  storage  of  at¬ 
mospheric  constituents  appears  the  most  attractive.  High-pressure  gas 
storage  technique  finds  its  application  in  emergency  systems  and  in  blad¬ 
der  expulsion  systems.  For  extended  missions,  water  electrolysis  pre¬ 
sently  seems  the  only  means  of  hydrogen  production  applicable  to  the  re¬ 
duction  of  carbon  dioxide. 

HIGH-PRESSURE  GAS  STORAGE 

General 


Storage  of  atmospheric  constituents  as  a  high-pressure  gas  offers 
several  important  advantages  over  other  storage  techniques.  First,  it 
is  the  most  reliable  storage  method  available  at  the  present  time.  The 
state  of  the  art  in  the  design  of  high-pressure  gas  vessels  is  advanced, 
and  vessels  satisfying  space  vehicle  requirements  have  been  thoroughly 
developed  and  tested  for  use  on  the  Mercury  capsule.  Second,  high- 
pressure  gas  storage  methods  offer  the  advantage  of  being  considerably 
less  sensitive  to  standby  time  and  to  ambient  temperature  than  are  cry¬ 
ogenic  storage  methods.  Third,  gas  mixtures  can  be  stored  and  de¬ 
livered  from  high-pressure  bottles  at  constant  composition.  Finally, 
this  storage  method  is  insensitive  to  gravity  environment. 

Several  studies  of  high-pressure  gas  vessels  haye  been  conducted. 
The  most  recent  and  comprehensive  treatment  of  the  subject  is  given  in 
ASD  TR  61-162,  Part  II,  (Reference  1),  where  due  consideration  Is  given 
to  gas  compressibility  factor.  In  addition,  the  effect  on  the  maximum 
vessel  charge  of  the  temperature  and  pressure  tolerances  at  fill  and 
at  the  end  of  vessel  operation  are  considered. 
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Storage  Vessel  Weight  and  Volume 


Following  the  analytical  methods  presented  in  ASD  TR  61-162,  the 
weight  and  volume  of  spherical  oxygen  and  nitrogen  vessels  were  calcu¬ 
lated  to  determine  the  optimum  storage  pressure.  Fatigue  failure  was 
used  as  the  vessel  design  criterion,  and  the  working  strength  of  the 
materials,  namely  C120-AV  for  nitrogen  storage  and  SAE  4340  for  oxygen, 
was  taken  as  60  per  cent  of  the  material  yield  strength.  The  weight 
and  volume  penalties  thus  calculated  are  plotted  in  Figures  5  and  6  as 
a  function  of  pressure. 

Here  it  is  assumed  that  the  vessel  volume  penalty  has  the  same 
importance  as  the  weight  penalty.  Thus,  the  optimum  vessel  is  selected 
on  a  minimum  (W*V)  product,  which  under  these  conditions  defines  the 
vessel  optimization  criterion.  This  parameter  i s  al so  plotted  in  Figures 
5  and  6.  It  should  be  noted  that  the  minimum  vessel  weight  occurs  at  a 
much  lower  pressure  than  the  minimum  vessel  volume,  and  consequently 
than  the  minimum  optimization  criterion. 

In  Table  2  are  listed  the  optimum  values  of  the  weight  and  volume 
penalties  for  oxygen  and  nitrogen  vessels.  These  values  correspond  to 
a  minimum  Optimization  criterion. 


TABLE  2 

HIGH-PRESSURE  GAS  STORAGE  OPTIMUM  DESIGN 


Parameter 

Oxygen 

Nitrogen 

Optimum  pressure,  psia 

10,506 

9,500 

Weight  penalty,  W,  lb  per 
lb  of  useful  fluid 

3.46 

3.66 

Volume  penalty,  V,  ft*  per 
lb  of  useful  fluid 

0.0296 

0.0446 

Optimization  criterion 

0.1025 

0.163 

It  should  be  noted  here  that  the  weights  plotted  in  Figures  5  and  6 
do  not  include  the  weight  of  the  lines,  brackets,  or  valves;  an  allowance 
should  be  made  for  these  accessories. t  The  valve  Weight  depends  only  on 
the  number  of  vessels  and  on  the  number  of  valves  installed  on  each  vessel 
for  redundancy  and  for  installation  requirements.  Mounting  bracket  design 
depends  primarily  oh  the  size  of  the  Vessel >  on  the  number  of  vessels, 
and  on  the  Installation.  These  weights.  In  general,  are  small;  an  allow¬ 
ance  'should  be  made,  however,  on  the  total  vessel  weight  for  accessory 
Weight. 
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SUPERCRITICAL  STORAGE  OF  CRYOGENIC  FLUIDS 
General 


Storage  of  cryogenic  fluid's  at. supercritical  pressures  offers  the 
same  general  advantages  as  other  cryogenic  storage  techniques,  namely, 

( T)  high  fluid  density  at  moderate  pressure  and  (2)  low-temperature 
storage  which  provides  a  potential  heat  sink.  The  first  advantage  leads 
to  low  storage  vessel  volume  and  weight.  The  second  one  makes  this  stor¬ 
age  method  very  attractive  for  space  vehicle  system  integration.  In 
addition,  supercritical  storage  methods  do  not  suffer  from  the  phase  separ 
atron  problems  associated  with  subcritical  storage  of  cryogenic  fluids. 
Since  the  fluid  is  stored  and  delivered  as  a  single  phase,  it  greatly 
simplifies  the  metering  and  quantity  measurement  of  the  stored  fluid- 
Gther  advantages  of  supercritical  storage  over  its  subcritical  counter¬ 
part  are  its  increased  standby  potential  and  its  reduced  sensitivity 
to  heat  leaks  because  of  the  higher  stored  fluid  temperature.  A  thermo¬ 
dynamic  treatment  of  supercritical  storage  is  given  in  Reference  1. 

Supercritical  storage  methods  are  divided  into  two  broad  types,  de¬ 
pending  on  the  vessel  pressurization  method, 

T .  Thermally  Pressurized  Vessels 

Pressurization  under  delivery  conditions  is  achieved  by  addition 
Of 'heat  to  the  mass  of  the  stored  fluid.  The  total  amount  of  heat  input 
into  the  fluid  is  made  up  of  the  parasitic  heat  leak  through  the  lines, 
insulation,  and  pressure  Shell  supports,  plus  the  heat  introduced  for 
the  purpose  of  veSsei  pressurization  under  delivery  conditions.  This 
additional  heat  input  or  flow  control  heat  input  can  be  derived  from 
Several  sources  discussed  later  in  this  section. 

2,  Positive  Expulsion  Vessels 

In  this  case,  the  fluid  is  contained  in  a  bladder  within  the  pres¬ 
sure  shell.  The  fluid  is  pressurized  by  introducing  a  high-pressure 
gaS  between  the  shell  and  bladder.  The  pressurizing  gas,  for  reasons 
of  Weight,  safety,  and  thermodynamic  behavior,  is  Usually  helium.  Such 
a  system  is  depicted  in  Figure  7. 

Previous  studies  (Reference  2)  have  shown  that  on  a  weight  basis 
alone,  these  two  types  of  supercritical  storage  are  competitive,  with 
the  thermal ly  pressurized  vessel  being  slightly  heavier,  However,  ther¬ 
mally  pressurized  storage  vessels  are  simpler  i r.  design  and  operation. 

The  Use  Of  a  high-pressure  gas  bottle,  with  its  reduction  and  safety 
Valves,  tends  to  reduce,  somewhat,  the  reliability  of  the  positive  ex¬ 
pulsion  system,  A  reliability  problem  arises  from  the  use  of  a  bladder, 
and  Vessel  fabrication  and  insulation  space  evacuation  is  further  com¬ 
plicated  by  the  presence  of  the  bladder  inside  the  pressure  shell.  In 
addition,  accurate  fluid  quantity  measurement  Within  the  Vessel  is 
complicated  by  the  presence  of  the  bladder;  an  estimate  of  the  fluid 


Figure  8v  Thermally  Pressurized  Supercritical  Storage  - 
Fluid  Recirculation  by  Means  of  a  Fan 
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VESSEL 


Figure  9.  Thermal  ly  Pressurized  Supercritical  Storage  -  Fluid 
Circulation  Through  ah  Internal  Heat  Exchanger 
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left  in  the  bladder  can  be  made  from  the  pressure  in  the  gas  bottle;  this 
method,  however,  does  not  take  venting  into  account  and  lacks  accuracy. 

For  these  reasons,  thermal  1 y  pressurized  vessels  are,  at  present, 
technologically  more  advanced  and  show  more  promise. 

Methods  of  Thermal  Pressurization 

Several  alternate  methods  of  controlling  the  heat  input  into  a 
thermal ly  pressurized  storage  vessel  are  possible;  the  more  interesting 
are  listed  and  discussed  below. 

a.  Electrical  power  can  be  supplied  to  the  fluid  through  heating 
element  s  located  inside  the  pressure  shell.  This  method  is 
somewhat  wasteful,  since  electrical  power  aboard  a  Space 
vehicle  is,  in  general,  at  a  premium.  Also,  it  does  not  use 
advantageously  the  sizeable  heat  si nk  potential  of  the  Stored 
fluid.  Other  heat  sources  are  usual  1 y  preferred  for  normal 
vessel  operation  and  electrical  power  heat  supply  is  attractive 
as  an  emergency  heat  source. 

b.  A  preferred  method  of  vessel  thermal  pressurization  makes 
uSe  of  waste  heat  from  the  vehicle  atmosphere  or  from  other 
vehicle  systems.  In  order  to  simplify  the  vessel  control 
System,  the  fluid  itself  is  used  to  carry  the  vehicle  waste 
heat  into  the  pressure  shell.  Two  different  types  of  Control 
systems  are  shown  schematically  in  Figures  8  and  9.  In  the 
system  depicted  in  Figure  8,  a  portion  of  the  delivery  flow 
from  the  vessel  is  heated  externally  with  cabin  air  Or  other 
vehicle  waste  heat  and  returned  to  the  storage  space  by  means 
Of  the  fan.  The  heat  iS  supplied  to  the  stored  fluid  by  mix- 
ing  of  the  hot  recirculated  fluid  to  the  mass  of  the  colder 
stored  fluid.  In  the  system  shown  in  Figure  9,  the  pressuri¬ 
zation  heat  requirements  are  Satisfied  by  directing  a  portion 
Of  the  delivery  flow  through  two  heat  exchangers  in  series: 
in  the  first  one*  Waste  heat  from  the  vehicle  is  dumped  into 
the  circulated  fluid;  in  the  second  One,  this  heat  is  trans¬ 
ferred  from  the  circulated  fluid  to  the  Stored  fluid.  In 
this  system,  fluid  circulation  is  insured  by  the  pressure 
differential  existing  between  the  vessel  and  the  system. 

Pressurization  by  means  of  an  internal  heat  exchanger  offers  several 
important  advantages  over  fluid  recirculation  by  means  of  a  fan.  These 
advantages  are  listed  below. 

a*  Reliability  -  No  fan  is  necessary  to  circulate  the  pressuriz¬ 
ing  flow  through  the  internal  heat  exchanger.  This  leads  to 
a  more  reliable  system. 

b.  Power  Requirements  -  No  power  is  required  by  this  system  other 
than  that  necessary  for  system  valve  control. 
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ti  Safety  -  The  system  is  inherently  safer  as  leakage  should:  present 
no  problem.  Unless  a  canned  fan-motor  were  used  in  the  re¬ 
circulation  system,  leakage  of  gases  would  occur  with  its  as- 
sOctated  hazards. 

- dV  Simplicity  -  The  fan  Of  the  recirculation  system  has  to  handle 
a  wide  range  Of  flow  at  high  pressure;  in  addition,*  the  temper¬ 
ature  Of  the  fluid  recirculated  will  increase  Considerably  dur¬ 
ing:  tank  Operation.  Fan  reliability/  under  these  operating 
Conditions,  i  s  a  serious  problem.-  Since  the  fan -control  led  pres¬ 
surization  system  has  only  dubious  advantages  over  the  simple 
internal  heat  exchanger  system/  and*  since  the  fan  itself  intro¬ 
duces  reliabi  l  ity  and  safety  problems,-  the  simpler  heat  ex¬ 
changer  pressurization  method  is  preferred  for'  supercritical 
storage  vessel  cent  ml •  . 

Storage  Vessel  Weight  and:  Volume 

The  weight  and  volume  penalties  of  thermally  pressurized  super¬ 
critical  vessel's  were  computed  for  a  range  of  useful  fluid  loads.  The 
calculations  were  based  on  the  analytical  methods  of  Reference  1  and  the 
data  assUHptions  tabulated  In  fable  5. 

TABLE  3 


SUPERCRITICAL  VESSEL  DESIGN  DATA 


Parameter 

oxygen 

Nitrogen 

Design  pressure/  psfe 

BOO 

725 

Maximum  pressure/  psia 

875 

850 

Inner  shell  material 

Rene  41 

Rene  41 

Minimum  insolation  thickness/  Ip. 

0.75 

0.75 

insulation  density/  1 b/ ft* 

5.0 

5.0 

outer  shell  material 

Al 6061 -76 

AI6061-T6 

Liquid  fraction  at  fill 

0.95 

0.95 

Vessel  shape 

Spherical 

Spherl cal 

the  results  of  these  computetions  are  plotted  In  Figures  10  and  11 
for  oxygen  vessels  and  In  Figures  IE  and  IS  for  nitrogen. 
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Figure  10.  Supercritical  Oxygen  Storage  Vassal  Weight  Penalty 


Figure  II.  Supercritical  Oxygen  Storage  Vessel  Volume  Penalty 


Figure  12,  Supercritical  Nitrogen  Storage  Vessel  Weight  Penalty 


Q 

a 


p 


Ui! 


0 

3' 


34 


Figure  15.  Supercritical  Nitrogen  Storage  Vessel  Volume  Penalty 


SUBCRITICAL  STORAGE  OF  CRYOGENIC  FLUIDS 
Methods  of  Pressurization 


As  for  the  supercritical  storage  techniques,  two  types  of  sub- 
critical  storage  of  cryogenic  fluids  can  be  recognized,  depending  on 
the  method  of  fluid  pressurization. 

a.  Positive  expulsion  vessels,  where  the' fluid  is  stored  in  a 
bladder  Contained  within  the  vessel  inner  shell,  and  fluid- 
delivery  is  insured  by  introducing  a  high-pressure  gas  in  the 
SpaCe  between  the  bladder  and  the  pressure  Shell.  The  sche¬ 
matic  diagram  of  this  System  is  shown  in  Figure  7. 

b.  Thermally  pressurized  vessels,  where  the  pressure  is  main¬ 
tained  during  fluid  delivery  by  means  of  heat  addition  to  the 
mass  of  the  stored  fluid.  The  methods  of  heat  addition  are 
the  Same  here  as  for  supercritical  Storage  vessels  that  have 
been  described  previously.  Figures  8  and  9  are  Schematic  dia¬ 
grams  showi ng  two  types  of  heat  input  Control  loops. 

In  subcritical  thermally  pressurized  Storage  vessels,  the  fluid  is 
stored  under  two  phases.  Delivery  of  a  single-phase  fluid  under  zero 
gravity  conditions  is  possible  by  means  of  phase  Separation  devices  lo¬ 
cated  within  the  inner  shell.  Among  these  are  centrifugal  type  Separat¬ 
ors  and  internal  heat  exchangers,  where  the  fluid  is  circulated  after 
throttling  and  heated  up  by  the  mass  of  the  stored  fluid,  thus  insuring 
Vapor  delivery.  Other  suggested  methods  involve  use  of  Capillary  forces, 
and,  for  oxygen  vessels,  of  the  magnetic  properties  of  the  fluid.  None 
of  these  methods  of  phase  separation  are  developed  or  have  been  tested 
at  present.  Previous  Studies  (Reference  2)  have  shown  that  little  weight 
advantages,  if  any,  are  to  be  expected  from  thermally  pressurized  sub- 
Critical  storage  systems,  as  compared  to  either  the  simpler  supercritical 
storage  system  with  thermal  pressurization  or  the  subcritical  storage 
system  wi t h  pea itlve  expu I s 1 on . 

Storage  Vessel  Weight 

Positive  expulsion  subcritical  storage  vessels  do  not  present  the 
same  phase  Separation  problem,  Since  the  fluid  is  stored  aS  a  subcooled 
liquid.  An  analysis,  based  on  the  methods  developed  in  Reference  1,  has 
been  conducted  to  determine  the  weight  of  this  type  of  vessel .  The  cal¬ 
culations  were  based  on  the  data  assumptions  for  oxygen  and  nitrogen  i 
shown  in  Table  4. 


TABLE  4 


SUBCRITICAL  VESSEL  DESIGN  DATA 


Parameter 

Design  pressure,  psia 

100 

100 

Maximum  pressure,  psia 

120 

120 

Inner  shell  material 

Ai 

Al 

Insulation  thickness,  in. 

1 .0 

1  .0 

Insulation  density,  lb/ft3 

5.0 

5.0 

Outer  shell  material 

A16061-T6 

A16061-T6 

Liquid  fraction  at  fill 

0.95 

0.95 

Accessory  weight  (gas  bottle),  1b 

7.0 

7.0 

Pressurizing  gas 

Helium 

Hel ium 

Liquid  residue,  $ 

3 

3 

Vessel  shape 

Spherical 

Spherical 

Using  a  factor  of  2  on  the  maximum  pressure,  calculations  show  that 
the  inner  shell  thickness  is  determined  by  the  minimum  gage  compatible 
with  present  fabrication  techniques.  Aluminum  alloy  6061 -T6,  because  of 
its  low  density,  is,  in  this  case,  the  material  choice.  Pressure  shells 
up  to  20  in.  in  diameter  fabricated  of  6061-To  minimum  gage  material 
(.020")  can  withstand  the  maximum  specified  pressure  of  120  psia. 

The  Weight  of  oxygen  and  nitrogen  subcritical  vessels  is  shown 
plotted  in  Figures  14  and  15  as  function  of  the  total  vessel  loads.  These 
weights  include  the  weight  of  the  pressurizing  gas  subsystem;  the  accessory 
Weight  used  in  the  calculations  includes  the  Valves  associated  With  the 
pressurizing  helium  system. 

CHEMICAL  GENERATION  OF  ATMOSPHERIC  GASES 


.Qgnsrftl 


It  is  possible  to  generate  atmospheric  gases  for  breathing  and  leak¬ 
age  make“Up  from  chemical  compounds  either  by  reaction  or  by  decomposition. 
The  interest  in  these  methods  springs  from  the  fact  that  these  compounds 
are,  in  general,  stable  and  storable  as  liquids  or  solids  at  normal  pres¬ 
sures  and  temperatures.  In  Reference  1,  various  methods  of  generating 
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Figure  14.  Subcritical  Oxygen  Storage  Vessel  Weight  Penalty 
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Figure  15.  Subcrl tl cal  Nitrogen  Storage  Vessel  Weight  Penalty 


oxygen  and  nitrogen  are  discussed;,  here,  only  a  brief  review  of  the  most 
promising  chemical  processes  is  given  with  their  pertinent  characteristics. 

Methods  of  chemical  generation  of  atmospheric  gases  considered  in 
this  section  are  listed  below. 

a.  Oxygen  Generation 

Reaction  of  carbon  dioxide  and/or  water  with  sodium  or 
potassium  superoxide  with  generation  Of  oxygen 

Lithium  perchlorate  decomposition 

v' 

Hydrogen  peroxide  decomposition 

Water  electrolysis  in  ion  exchange  membrane  electrolytic 
ce  1 1 

b.  Nitrogen  generation  by  alkali  metal  azides 

The  use  of  sodium  and  potassium  superox rde  as  a  source  of  oxygen  is 
discussed  in  a  subsequent  section  of  this  report  in  conjunction  with 
carbon  dioxide  management  subsystems. 

OxyUen  Generation  bv  Decomposition  of  Lithium  Perchlorate 

Lithium  perchlorate  decomposes  into  lithium  chloride  liberating 
oxygen  (60.1  per  cent  by  weight).  The  following  equation  describes  the 
chemical  reaction. 

LfClO,  - ►LiCl  +  2  0„  (2) 

The  temperature  necessary  to  initiate  the  reaction  is  approximately  720° F, 
Which  is  approximately  280° F  higher  than  the  melting  point  of  the  per¬ 
chlorate.  A  heat  input  of  991  BtU  per  lb- Of  oxygen  produced  Is  required 
to  sustain  the  reaction. 

A  problem  of  separating  the  gaseous  oxygen  from  the  liquid  compound 
In  the  decomposition  chamber  arises  in  a  zero-gravity  environment.  Separ¬ 
ation  can  possibly  be  achieved  by  Use  Of  a  poroUs  diaphragm.  The  rate  Of 
oxygen  production  appears  difficult  to  control,  since  little  Is  known 
about  the  decomposition  mechanism.  This  can  probably  be  achieved,  how¬ 
ever,  by  control  1 1ng  the  heat  input  ihto  the  decomposition  chamber. 

A  rough  estimate  of  the  weight  of  a  simple  lithium  perchlorate  de¬ 
composition  system  is  given  In  Reference  2  and  is  shown  here  as  Figure  16. 
The  calculations  from  which  this  plot  Was  obtained  are  based  oh  the  follow¬ 
ing  data  assumptions: 
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TOTAL  SYSTEM  WEIGHT,  LB 


Figure  16.-  Oxygen  Generation  by  Lithium  Fetch  (orate  - 
System  We I ght 
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Ullage?  50  per  cent 

Decomposition  chamber  wall:  stainlesss  steel,  0,050  in,  thick 

Decomposition  chamber  insulation:  fiberglass,  1.0  in.  thick 

Porous  diaphragm  for  phase  separation:  ceramic,  0.15  in.  thick 

Even  with  this  simple  system,  lithium  perchlorate  does  not  appear  on' 
a  weight  basis  alone  to  be  competitive  with  other  sources  of  oxygen  for 
use  aboard  space  vehicles. 

Oxygen  Generation  by  Decomposition  of  Hydrogen  Peroxide 

Hydrogen  peroxide,  HgOg,  is  available  commercially  at  a  concentration 
of  90  wt  per  cent  or  lower.  A  concentration  of  98  per  cent  is  now  avail¬ 
able  on  a  semi -commercial  basis.  Higher  concentrations  are  desirable  since 
they  have  a  higher  content  of  oxygen  and  greater  stabil  ity. 

To  generate  oxygen,  hydrogen  peroxide  decomposes  according  to  the 
equat ion 


H202  (liq. )— ►  HgO  (liq.)  +  1/2  02  (gas)  +  1242  Btu  per  fb  (3) 

The  water  produced  in  the  reaction  may  be  found  useful  in  the  vehicle 
water  management  system.  Catalysts  are  required  for  smooth  and  rapid  de¬ 
composition  of  hydrogen  peroxide.  These  materials  have  been  thoroughly 
investigated  in  connection  with  propellant  uses  of  hydrogen  peroxide  so 
that  few  problems  remain.  Silver  screen  packs  appear  to  be  the  most  ad¬ 
vanced  catalyst  at  the  present  time.  Zero-gravity  conditions  increase  the 
complexity  of  the  decomposition  and  feed  system. 

Disadvantages  of  hydrogen  peroxide  include  its  high  toxicity.  Con¬ 
centrated  peroxide  blisters  the  skin  on  contact.  Vapors  and  aerosols  en¬ 
trained  with  the  oxygen  are  deleterious  to  the  respiratory  system.  On 
contact  with  most  structural  materials,  the  decomposition  of  peroxide  Is 
catalyzed.  Storage  in  pure  aluminum  appears  practical  for  long  durations 
In  vented  tanks;  however,  accidental  contamination  could  be  disastrous. 

Figure  17  shows  an  arrangement  "f  a  peroxide  decomposition  system. 
Hydrogen  peroxide  is  stored  in  a  positive  expulsion  type  tank  and  expelled 
through  a  silver-screen  type  gas  generator.  The  water  vapor  and  oxygen 
produced  are  then  circulated  through  a  heat  exchanger  where  the  water 
vapor  is  condensed  and  subsequently  removed  as  a  liquid. 

The  temperature  of  the  gas  at  the  outlet  of  the  gas  generator  depends 
on  the  heat  leaking  from  the  generator  and  on  the  purity  of  the  hydrogen 
peroxide  used.  The  adiabatic  temperature  of  decomposition  of  a  90  per  cent 
purity  solution  is  estimated  to  be  1364°F. 

An  estimate  of  the  weight  of  the  hydrogen  peroxide  storage  vessel  and 
pressurizing  system  was<made  based  on  the  assumptions  listed  below. 
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GAS  BOTTLE 


Figure  17.  Chemical  Oxygen  Supply  Using  Hydrogen  Peroxide 
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Spherical  storage  vessel 
Hydrogen  peroxide  purity:  0.90 
Tank  material:  aluminum 
Utilization  efficiency:  .96 
Pressurizing  gas:  helium 

Pressurizing  gas  subystem  control  valves:  7.0  lb 
System  is  credited  for  the  water  evolved  in  the  reaction. 

The  results  of  these  calculations  are  given  in  Figure  18,  where  the  hydrogen 
peroxide  storage  vessel  weight  penalty  is  plotted  vs  the  useful  oxygen 
load.  It  should  be  noted  that  the  weight  penalty  plotted  is  lower  than  the 
tankage  and  pressurization  subsystem  weight  by  1.125  lb  per  lb  of  oxygen  gen 
erated  due  to  the  credit  given  to  the  water  of  reaction. 

Oxygen  Generation  bv  Electrolysis  of  Water 

Electrolytic  processes  have  been  treated  in  detail  in  Reference  1. 

The  electrolytic  cell  considered  here  is  an  ion  membrane  type  cell  which 
appears  promising  for  zero-gravity  operation* 

Reported  parameters  for  a  system  satisfying  the  oxygen  metabolic  re¬ 
quirements  of  a  three-man  vehicle  are  as  follows: 

Power  input:  702  watts 
Weight:  112  lb 
Volume:  1.97  ft3 

It  is  believed  that  the  voltage  across  the  cell  electrode  was  on 
the  order  of  1.8  volts,  and  that  the  gases  were  delivered  at  approximately 
50  psia.  The  heat  rejected  by  the  three-man  cell  is  estimated  to  be  447 
Btu  per  hr  and  the  cell  operating  temperature  as  122°F.  Water  is  pumped 
to  the  electrode  by  means  of  a  wick. 

-  The  weight  of  an  ion  membrane  electrolytic  cell,  including  a  positive 
expulsion  type  water  storage  subsystem,  has  been  estimated  from  the  data 
given  above  and  the  following  assumptions: 

Water  storage  vessel  pressurizing  gas:  helium 
Pressurizing  gas  subsystem  control  valves:  7.0  lb 
Hydrogen  is  discharged  overboard,  and  no  credit  is  given  for  its 
product  ion. 

Water  storage  tank  material:  aluminum 

The  results  of  these  computations  are  plotted  in  Figure  19. 

This  oxygen  production  technique  does  not  appear  competitive  on  a 
weight  basis  with  the  other  storage  methods  discussed  previously,  especially 
for  short  duration  missions.  In  addition,  the  high  power  requirements  of 
the  electrolytic  cell  are  a  serious  disadvantage  for  space  vehicle  instal¬ 
lation. 
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Figure  18.  Hydrogen  Peroxide  Storage  Weight  Penalty 


Flgu re  1 9.  Electrolytic  Cell  Subsystem  Weight  Penalty 


Nitrooen  Generation  bv  Decomposition  of  Lithium  Azide 


On  decomposition  at  550°F,  lithium  azide  yields  85.8  per  cent  nitro¬ 
gen  and  95  Btu  per  1b.  To  provide  heat  for  initiation  and  maintenance  of 
decomposition,  a  reactant  can  be  provided  which  produces  a  more  stable 
lithium  Compound  as  reaction  products  Oxidants  such  as  lithium  nitrate 
or  fluorocarbons  have  been  used  to  form  nitrogen-producing  solid  propel¬ 
lants.  In  the  case  of  lithium  nitrate,  the  Chemical  reaction  is  given  by 
Equation  4. 


5  LIN3  +  LiNOj — ►  3  Li20  +  8  Ng  +  1720  Btu  per  lb  (4) 

This  reaction  produces  71.5  per  cent  nitrogen.  For  practical  use,  ex¬ 
tensive  filters  must  be  provided  to  remove  lithium  oxide  and  heat  exchang¬ 
ers  to  cool  the  product  nitrogen.  Because  the  reaction  operates  more 
smoothly  at  elevated  pressures,  the  nitrogen-producing  mixture  would  be 
used  to  pressurize  a  small  storage  tank,  required  nitrogen  being  obtained 
through  a  pressure-regulating  Valve  on  the  tank.  The  nitrogen-producing 
azide  mixture  burns  like  a  solid  propellant  and  Is  not  amenable  to  simple 
control. 

Material  balance  alone,  without  considering  any  weight  penalty  for 
the  storage  of  the  azide  or  the  disposal  (or  storage)  of  the  lithium  ox¬ 
ide,  shows  a  weight  penalty  (W/W^  )  equal  to  1.14  and  is  not  competitive 

with  the  cryogenic  methods  described  previously.  In  addition,  the  re¬ 
action  is  difficult  to  control  and  presents  a  safety  problem  which  makes 
the  process  prohibitive  for  space  vehicle  usage. 

COMPARISON  OF  GAS  SUPPLY  SUBSYSTEMS 

Component  Integration 

In  addition  to  the  storage  vessels  and  their  pressurization  subsystem, 
other  Components  such  as  valves,  heat  transfer  equipment,  etc.,  are  inte¬ 
gral  parts  of  the  complete  gas  supply  subsystems.  As  these  accessories 
can  contribute  a  large  percentage  of  the  total  gas  supply  system  Weight,- 
Comparison  of  the  various  storage  techniques  discussed  previously  can  only 
be  made  on  an  integrated  basis. 

The  Weight  and  size  of  the  accessories  Is,  In  general.  Independent 
of  the  size  of  the  storage  vessel  and,  in  most  cases,  Of  the  delivery  flow 
rates.  While  this  is  true  of  valves  and  sensors,  it  does  not  apply  to 
items  such  as  heat  exchangers  Whose  Weight  is  a  direct  function  of  the 
flow  rates  in  the  system.  Schematic  diagrams  showing  the  arrangement  of 
the  following  subsystems  are  given  here: 

High-pressure  gas  storage:  Figure  20 

Supercritical  storage  of  Cryogenic  fluid  With  thermal  pressurization: 

Figure  21. 

SUbcritical  storage  of  cryogenic  fluid  With  positive  expulsion: 

Figure  22. 
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Figure  21.  Supercritical  Cryogenic  Fluid  Storage  -  &as  Supply  Subsystem  Diagram 


ICK  DISCONNECT 


Gas  Supply  Subsystem  Diagram 


These  arrangements  are  typical  of  space  vehicle  installation.  In  some 
cases,  components  are  duplicated  to  improve  the  subsystem  reliability  by/ 
redundancy.  The  estimated  weight  Of  the  accessories  shown  in  the  sche¬ 
matics  is  listed  in  Table  5. 

Subsystem  Compar i son 

Since  weight  is  usually  the  determining  factor  in  the  selection  of 
a  space  vehicle  system,  a  plot  Of  the  gas  supply  subsystem  weight  con¬ 
sidered  in  this  report  is  presented  for  Comparison  in  Figure  23.  This 
plot  has  been  prepared  using  the  accessory  weights  tabulated  above  and 
the  storage  vessel  Weights  plots  of  Figures  5,  10,  14,  18,  and  19.  The 
curves  are  given  for  Oxygen  Only,  since  the  conclusions  drawn  from  it 
also  apply  to  nitrogen  storage  vessels. 

Other  parameters  Of  importance  in  system  selection  are  1  isted  in 
Table  6.  These  include  maximum  subsystem  pressure  (excluding  the  pres¬ 
surizing  gas  components),  maximum  estimated  temperature  in  the  subsystem, 
power  requirements,  the  heat  evolved,  and  the  heat  sink  potential  of  the 
subsystem.  Also  listed  in  Table  6  is  the  water  Consumed  (or  produced) 
by  the  subsystem.  Complete  system  evaluation  Cannot  be  made  without  tak¬ 
ing  into  account  these  parameters.  Normally,  the  gas  supply  subsystem 
would  be  penalized  (or  credited)  for  each  one  of  the  items  listed  above j 
the  penalties  involved  are  discussed  in  Section  III  Of  this  report. 

Cryogenic  fluid  storage  subsystems  are, on  a  weight  basi%  superior  to 
all  the  other  subsystems  considered.  This  weight  advantage  increases 
markedly  as  the  Capacity  of  the  supply  system  decreases.  At  a  total  fluid 
load  of  iOO  lb,  the  weight  Of  the  two  Cryogenic  subsystems  is  about  the 
same.  Above  100  lb  of  fluid  storage  Capacity,  the  subCritical  system  is 
slightly  lighter  than  its  supercritical  Counterpart.  BeloW  100  lb,  the 
Weight  picture  is  reversed.  The  Weight  difference  is  so  small  that  system 
selection  must  be  based  on  Other  considerations. 

The  weight  .penalty  of  the  high-pressure  gas  storage  subsystem  Is 
approximately  3  times  as  large  as  that  of  Cryogenic  subsystems  at  large 
fluid  loads.  For  this  reason,  high-pressure  gas  storage  Vessels  are  not 
very  attractive  for  space  vehicle  applications  Other  than  emergency  gas 
supply,  in  this  case,  maximum  reliability,  indefinite  stand-by  periods, 
and  short -duration  Usage  are  the  design  criteria,  and  Weight  is  a  sec¬ 
ondary  consideration.  At  a  staffed  Weight  lower  than  approximately  6  to  8 
lb,  the  high-pressure  gas  subsystem  shows  a  iower  Weight  penalty  than  ai i 
the  Other  subsystems  analyzed. 

None  Of  the  Chemical  systems  are  competitive  Oh  a  Weight  basis 
With  either  of  the  cryogenic  storage  techniques.  No  suitable  chemical 
gfehefation  method  for  nitrogen  supply  has  been  found  to  date. 

Oxygen  generation  from  hydrogen  peroxide  decomposition  could  find  a 
Use  on  vehicles  where  the  watfef  management  subsystem  shows  a  Water  deficit. 
This  Would  occur  in  missions  of  shoft  duration  When  water  is  not  recovered 


TABLE  5 


TYPICAL  GAS  SUPPLY  SUBSYSTEMS  ACCESSORY  WEIGHTS 


Accessory 

Wklfht,  Ik 

».  ilia 

ih-frtHUf.-  till  it  nr—  fri  iri'  aft 

a. 

Pressure  relief  valve 

6.5 

b. 

Fill  valve 

l.l 

c. 

Transducer 

<■. 

Quick  disconnect  and' shutoff  valve 

6.2- 

e. 

Filter 

6.1 

f. 

Check  velve 

6.2 

*■ 

High-pressure  regut  at  Inf  vetve 

&.f 

h. 

Demand  pressure'  regulating  valve' 

1.4 

r. 

Partial  pressure  seriedf 

6.2 

j. 

Flow  controller 

2.9 

k. 

Shutoff  valve 

6.6 

Total  Weight 

Vessel  vent  and  pressure  relief 
valve 

#.* 

Pres turn  control ler 

6.4 

c. 

Electrical  neater 

6.6 

internal  heat  exchanger 

0.1 

e. 

riuld  quantity  c^Kltwct  tandbr 

0.9 

Capacity  Indicator 

6.6 

Fill  valve 

6.5 

Ms  sal  shutoff  vafve 

6.2 

(. 

External  heat  exchanger 

0.9 

Flow  control  valve 

i.  s 

Chock  Valve 

6.1 

i. 

Clack  V.lv. 

0.2 

is. 

High-pressure  regulating  valve 

2  x  6.9 

n. 

Dmhd  pr.itur.  r*juf*tinf  yqtyq 

*  *  i.4 

0. 

Partial  preisure  sensdr 

6.1 

6* 

FitW  controller 

2.9 

6* 

SyttM  ihutoff  yqfvc 

6.4 

r. 

Pipes  and  fittings 

6.96 

s. 

Win 

6.90 

T.til  N»l|ht 

U.4 

Accessory  wMfhtv  ih 


HtMun  pressurization  subsystem 
(accounted  for  In  storage*  vn»»l 
weight)' 

b.  Transducer  6.4 

-€'.  Fluid  quantity  Indicator  9.4 

d.  Vent  valve'  flr.2 

a.  Fill  valve'  6.3 

f.  Vassal  shutoff  velvtf  O.f 

f‘.  Ha  at  exchanger  6.7 

N.  Check  valve  0.2 

I'.  Demand  pressure'  regot at  Inf  valve  t  x  1 .4 

}•  Partial'  pressure  sensor  0.2 

k.  flow  controller  2.5 

l.  System  shutoff  valve'  0.4 

Totaf  We  fght  #'.>5 


Totaf  We  fght  f'.-S 


••  Nil' I iM  pressur txet  Ion'  subsystem 

(accc'jniid  for  fh  storeyi1  vestal 
weight) 


VKcc.-n;:o  ror  jp.  storage  vessel 
weight) 

b.  Ant  valve  6,1 

C.  Fill  valve'  0.5 

4,  Vessel’  shutoff  valve  6.6 

e.  Flow  control  valve  1.9 

f.  Partial  pressure  sensor  6.2 

g.  Flow  control  ler  ij 

h.  Cat  generator  j. 

L  Heat  exchanger  2.9 

j.  Water  separator  (  J 

h.  Press  Vre  regulator  f .4 

fatal  Might  7U 
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Figure  23.  Gas  Supply  Subsystems  Weight  Comparison  (Oxygen) 
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Pressurizing  gas  stored  at:  2000  psia; 


frpm  the  waste  or  wash  products.  In  this  case,  however,  the  small  gas 
storage  capacity  requirement  and  the  high  hydrogen  peroxide  subsystem 
weight  offsets  the  advantages  of  water  generation  as  a  by-product  of  oxy¬ 
gen  production.  In  addition,  hydrogen  peroxide  systems  for  breathing 
oxygen  supply  are  comparatively  underdeveloped,  are  not  easily  controlled, 
and  lack  safe  operational  characteristics. 

Because  of  the  high  electrolytic  cell  weight,  oxygen  production  from 
water  by  electrolysis  is  attractive  only  for  missions  In  excess  of  one 
year.-  The -weight  of  this  system,  as  shewn,  greatly  Improves  if.  In  the 
overall  vehicle  material  balance,  an  excess  of  water  is  produced  which  can 
be  used  for  the  electrolysis  process.  The  weight  plotted  can,  In  this 
case,  be  reduced  by  the  amount  of  excess  water  production.  In  a  mission 
of  this  type,  it  is  very  likely  that  vehicle  electrical  power  would  be 
derived  fre«:  nuclear  or  solar  sources,  and  that  a  very  low  penalty  would 
be  paid  for  supplying  power  to  the  electrolytic  ceil.  This  type  of  gas 
supply  system,  therefore,  offers  potentialities  for  long  mission  duration, 
especially  if  hydrogen  is  required  for  carbon  dioxide  reduction. 

As  shown  in  Figure  23,  the  two  cryogenic  gas  supply  subsystems  are 
competitive  on  a  weight  basis.  However,  other  advantages  of  the  super¬ 
critical  system  make  It  the  preferred  storage  system  for  space  vehicle 
Installation.  These  advantages  are  briefly  discussed  below; 

a.  The  bladder  of  the  subcrltical  liquid  delivery  system  introduces 
problems  of  fabrication  and  reliability  which  have  already  been 
discussed  in  conjunction  with  positive  expulsion  supercritical 
storage  systems.  These  problems  are  particularly  difficult  in 
large  storage  vessels  In  the  range  where  subcrltical  vessels 
with  positive  expulsion  are  competitive  with  supercritical  ves¬ 
sels. 

b.  The  presence  Of  a  bladder  makes  difficult  accurate  fluid  quan¬ 
tity  measurements  inside  the  vessel.  This  also  has  been  pointed 
out  in  the  discussion  of  subcrltical  vessels. 

O.  Since  heat  Is  leaking  from  the  ambient  atmosphere  and  from  the 
pressurizing  gas  into  the  cooler  stored  fluid,  a  problem  of 
fluid  temperature  stratification  within  the  bladder  and  conse¬ 
quent  fluid  vaporization  on  the  bladder  wall  arises.  Presence 
of  Vapor  within  the  bladder  defeats  the  purpose  of  the  design 
and  could  hardly  be  tolerated. 

CONCLUSIONS  AND  DESIGN  DATA 

■Conff.ltiSlOJlS 

From  the  above  discussion*  It  appears  that  even  for  missions  of  long 
duration  supercritical  storage  of  cryogenic  fluids  in  thermally  pres¬ 
surized  vessels  Is  the  most  attractive  method  for  breathing  and  pressur¬ 
izing  gas  supply.  For  extended  missions,  oxygen  production  by  water 
feiectroiysis  could  find  Its  application.  High-pressure  gas  storage  appears 
attractive  for  emergency  system  gas  supply. 
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Data  pertinent  to  supercritical  thermally  pressurized  gas  supply 
subsystems  are  given  here  in  graphical  form.  The  plots  for  spherical 
vessels  are  based  on  the  data  assumptions  listed  on  Page  30  of  this  report. 
In  addition,  the  oxygen  and  nitrogen  weight  fraction  in  the  cabin  atmos¬ 
phere  is  here  assumed  to  be  0.339  and  0.638,  respectively. 

The  following  plots  are  given: 

a.  Oxygen  supply  subsystem  weight  as  a  function  of  the  mission 
duration  with  the  leakage  rate  as  a  parameter.  This  plot  Is 
given  for  a  number  of  crew  members  from  1  to  6  (Figures  24 
through  29). 

b.  Same  plot  for  nitrogen  (Figure  30). 

c.  Oxygen  and  nitrogen  weight  penalty  for  redundancy  (Figure  31). 
Here  the  added  vessel  weight  incurred  when  the  total  gas  stored 
is  divided  equally  between  two  vessels  is  plotted  as  a  function 
of  the  total  gas  storage  load. 

d.  The  estimated  stand-by  period  without  venting  of  the  supercritical 

oxygen  and  nitrogen  vessels  designed  on  the  data  of  Page  50  1$ 

plotted  as  a  function  of  the  total  fluid  load  in  Figure  52. 

e.  Heat  sink  potential  (Table  6). 
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WEIGHT ,  LB 


MISSION  DURATION,  DAYS 

figure  25.  Oxygen  Supply  Subsystem  Weight  (N»2) 
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Figure  26.  Oxygen  Supply  Subsystem  Weight  ( N*3) 
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Missidtf  bli ration  days 

Flsfur*  27.  tixy^eri  Supply  Subsystem  W«lght  (tM) 
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10 

MISSION  DURATION)  DAYS 

Figure  29i  Oxygan  Supply  Subsystem  Weight  (N-6) 


Figure  30.  Nitrogen  Supply  Subsystem  Weight 
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USEFUL  FtUI'D  LOAD/  iftf,  LB 

Figure  31.  Nitrogen  end  Oxygen  fonslfy  for  2  Bottles 
Shari  ng  Load 
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SECTION  V 


HUMIDITY  CONTROL  SUBSYSTEMS 


GENERAL  CONSIDERATIONS 

Humidity  control  of  a  space  vehicle  cabin  atmosphere  involves  the 
removal  of  the  water  vapor  produced  by  the  crew  members.  As  discussed 
in  Section  I  of  this  report,  the  rate  of  production  of  water  vapor  by 
respiration  and  perspiration  varies  greatly,  depending  on  the  occupants' 
metabolic  rate  and  also  on  their  activity.  In  this  section,  the  rate  of 
wafer  vapor  emitted  is  taken  as  the  average  value  of  2.2  1b  per  man-day. 
If  water  is  produced  at  a  rate  higher  than  average,  the  cabin  relative 
humidity  wll 1  rise  si ightiy;  this  does  not  present  any  disadvantage, 
since  the  requirements  for  relative  humidity  are  very  broad,  as  seen  by 
the  comfort  tone  definition  in  Figures  4a  and  4b. 

The  water  recovered  from  the  cab  in  atmosphere  is  relatively  pure 
and  can  easily  be  made  potable.  The  purification  process  involves  simple 
filtration  through  activated  carbon  beds.  This  fact  should  be  borne  in 
mind  when  comparing  the  possible  means  of  moisture  removal. 

In  this  section,  the  various  methods  of  controlling  the  moisture 
level  in  the  Space  vehicle  cabin  are  reviewed  and  compared  on  a  subsystem 
basis.  A  summary  of  the  conclusions  drawn  from  this  study  follows. 

SUMMARY 

0 

Humidity  control  by  moisture  condensation  in  a  cooler-condenser  with 
subsequent  liquid  Water  separation  is  the  best  process  available  at  this 
time.  Simplicity,  low  specific  weight,  relatively  low  heat  rejection 
loads,  and  pumping  power  requirements  are  the  attributes  of  the  cooler- 
condenser  process  which  make  it  a  preferred  method  of  humidity  control 
of  space  vehicle  cab f n  atmosphere.  In  addition,  the  water  recovered  is 
easily  processed  for  drinking. 

Cooler-condenser  heat  exchangers  have  been  developed  for  some  time, 
and  nO  Special  problems  are  anticipated  for  zero-gravity  environment, 
since  the  Water  condensed  in  the  cooler  is  blown  through  the  exchanger 
by  the  process  air  being  cooled.  Of  the  several  possible  methods  of 
1 (quid  water  separation  from  the  process  air  stream,  cyclone  type  separ¬ 
ators  appear  promising.  They  have  ncLjnovlng . pa r t s ,  are  simple  in  design 
and  fabrication,  and  are  essentially  lightweight.  Although  cyclone 
separators  have  been  extensively  used  In  Industrie!  appl (cations,  they 
are  still  In  the  development  stages  for'  operation  under  zero-gravity 
operation. 

MalstUfe  Removal  by  Chemical  Absorption 

Water  removal  by  absorbent  materials  is  not  attractive  for  space 
Vihldie  installation  because  of  the  several  serious  disadvantages  common 
to  most  absorbing  materials.  These  ere  listed  below. 
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a.  The  reactions  involving  water  absorption  by  a  solid  liberates 
an  amount  of  heat  equal  to  the  heat  of  condensation  of  the 
water,  plus  the  heat  of  reaction.  The  total  amount  of  heat  re¬ 
jected  in  the  process  is  in  general  much  higher  than  that  in¬ 
volved  in  a  simple  condensation  process  (Reference  l). 

b.  For  long  mission  duration,  absorbents  must  be  of  the  negenerable 
type  to  minimize  weight.  Most  chemical  absorbents  need  temper¬ 
atures  on  the  order  of  400  to  500°F  or  above  for  regeneration. 

A  heat  source  at  these  high  temperatures  Is  not  readily  avail¬ 
able  aboard  space  vehicles;  electrical  power  would  most  prob¬ 
ably  be  used  for  regeneration  of  the  absorption  beds  and  this 
at  a  considerable  penalty,  since  the  heat  of  regeneration  is 
c  the  sum  of  the  heat  of  reaction  and  the  heat  of  condensation. 

c.  The  specific  weight  of  the  chemical  absorbents  is,  in  general, 
heavier  than  that  of  the  available  adsorbents  which  have  lower 
heat  rejection  load  and  power  requirements. 

d.  The  water  removed  cannot  be  recovered  as  a  liquid  even  in  re- 
generable  systems. 

In  conclusion,  It  seems  that  for  space  vehicle  applications,  no 
specific  advantage  favors  the  use  of  absorbing  materials  in  preference  to 
the  other  methods  of  moisture  removal, 

MOISTURE  REMOVAL  BY  ADSORPTION 

fifinerfll  * 

Humidity  control  by  solid  adsorbents,  such  as  silica  gel  or  molecular 
sieves,  is  more  attractive  than  water  removal  by  chemical  absorbents.  No 
heat  of  reaction  is  involved  in  the  process,  and  the  heat  of  adsorption 
released  is  roughly  the  heat  of  vaporization  of  the  water.  The  saturated 
adsorbents  can  be  regenerated  by  addition  of  heat  to  the  bed  at  a  much 
lower  temperature  level  than  required  to  regenerate  the  chemical  absorb¬ 
ents;  250°F  is  usually  quoted  for  silica  gel.  Regeneration  also  can  be 
achieved  partially  by  evacuating  the  bed  to  vacuum;  this  process,  however, 
is  relatively  slow,  and  its  dynamic  characteristics  are  not  well  known  at 
the  present  time.  If  appears  that  heat  addition  to  the  saturated  bed, 
coupled  with  evacuation  to  vacuum,  would  be  very  satisfactory  for  systems 
In  which  water  is  dumped  overboard.  A  desorption  temperature  of  150°F  is 
sufficient  in  this  case. 

The  characteristic  adsorption  curves  for  silica  gel  and  three  types 
of  molecular  sieves  are  given  In  Figure  33.  Silica  gel  has  a  much  higher 
*  capacity  than  the  molecular  sieves  at  the  water  vapor  pressures  encount¬ 
ered  in  space  vehicle  humidity  control  systems;  It  Is  the  only  adsorbent 
considered  for  moisture  removal. 
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Figure  33.  Water  Adsorption  Isotherms  at  77® F 


Non-Regenerable  Silica  Gel  Subsystem 


For  missions  of  brief  duration,  a  system  in  which  the  humidity  is  re¬ 
moved  from  the  cabin  air  by  circulating  it  through  a  silica  gel  bed  is  very 
attractive  because  of  its  simplicity.  This  system  requires  no  valving, 
heating  loops,  nor  cooling.  The  weight  of  such  a  system  is  readily  esti¬ 
mated  from  Figure  33,  and  is  shown  plotted  in  Figure  34  as  a  function  of 
the  mission  duration. 


Calculations  show  that  the  canister  weight  is  only  a  small  portion  of 
the  total  subsystem  weight.  It  varies  between  3  and  5  per  cent,  depending 
on  the  pumping  power  expended  to  circulate  the  process  air  through  the  sili¬ 
ca  gel  bed  and  also  on  the  pressure  level  of  the  air  in  the  system.  Here, 
it  was  assumed  that  the  bed  utilization  efficiency,  based  on  the  isotherm 
adsorption  capacity  of  the  silica  gel,  was  0.75.  The  weight  of  the  system, 
neglecting  secondary  effects,  is  proportional  to  the  number  of  crew  members. 
It  should  be  noted  that,  for  high  utilization  efficiency,  the  length  of  the 
Silica  gel  bed  must  be  kept  above  a  minimum  length  which  depends  on  the  bed 
face  area  and  on  the  process  gas  superficial  velocity. 

Since  the  weight  of  this  non-regenerable  silica  gel  system  is  propor¬ 
tional  to  the  mission  duration,  its  field  of  application' ■. is  Severely 
restricted  to  short -durat iOn  missions. 

Reqenerabie  Silica  Gel  Subsystem 

1.  System  Description. 


For  mission  durations  in  excess  of  a  few  days,  regeneration  Of  the 
silica  gel  bed  is  indicated.  A  water  removal'  system  of  this  type  is  depict¬ 
ed  in  Figure  35.  Two  identical  silica  gel  beds  are  required,  one  adsorb¬ 
ing  and  the  other  desorbing.  Operation  is  fairly  simple:  when  the  process 
water  concentration  at  bed  outlet  reaches  a  certain  preset  Value,  all  the 
valyes  of  the  system  are  turned  90°  from  the  position  shown,  and  heat  is 
applied  to  the  saturated  bed,  which  is  then  evacuated  to  vacuum.  The  pro¬ 
cess  air  is  routed  through  the  other  Sil  ica  gel  bed.  Water  vapor  frdrri  the 
saturated  bed  is  dumped  overboard.  Switching  of  the  valves  Is  usual  I y 
automatic  at  fixed  time  intervals.  The  Valve  actuating  mechanism  cart  be 
a  cam  shaft  driven  by  an  electric  motor. 

The  heater  provided  for  bed  desorption  can  Serve  a  dual  purpose:  it 
can  be  used  for  removing  the  heat  adsorption  from  the  bed  during  the 
adsorption  period,  thus  increasing  the  capacity  of  the  silica  gel.  However, 
this  adds  to  system  complication  and  is  possible  only  when  the  heat  of 
desorption  is  provided  by  a  hot  fluid.  Often  no  suitable  fluid  loop  at  the 
temperature  required  for  desorpt ion(i 50°F) Is  available  aboard  the  Vehicle, 
and  electrical  power  must  be  used. 

It  is  to  be  noted  here  that  Water  is  not  easily  recovered  from  a 
saturated  bed  and  IS  evacuated  overboard.  If  the  regenerate  silica  gel 
system  Is  considered  for  installation  aboard  a  vehicle  Where  ho  excess 
water  Is  produced,  then  the  system  must  be  penalized  by  the  amount  of 
water  dumped  overboard. 
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^ t gu r«  34s  Noh-Regeherable  Silica  Gel  Humidity  Gbhtttii 
Subsystem  Weight 


I 

i 


2. 


Si  1 i ca  Gel  Bed  Characteristics 


Calculations  were  performed  to  determine  the  weight  of  a  system  such 
as  that  depicted  in  Figure  35.  The  following  assumptions  were  used  in  the 
computat ions: 

a.  The  silica  gel  is  dry  at  the  beginning  of  the  adsorption  cycle. 

b.  The  water  vapor  concentration  in  the  air  exhausting  from  the 
system  is  negl  igibl-e. 

c-  The  rate  of  water  adsorption  is  taken  as  2.2  lb  per  man-day. 

d.  Calculations  were  performed  for  isothermal  adsorption;  an  allow¬ 
ance  of  20  per  cent  on  the  bad  length  is  made  to  account  for  non- 
isothermal  operation- 

e.  The  pressure  drop  through  the  silica  gel  bed  is  calculated  by  the 
method  presented  in  Reference  1. 

f.  The  pumping  power  is  calculated  from  the  pressure  drop  assuming 
a  fan  motor  efficiency  Of  0.45. 

g.  Canister  weight  is  calculated  from  a  model  using'  the  following 
expression: 

Wc  =  3.6  +  2.552  L,  l  b  (5) 

h*  The  system  was  not  penalized  for  the  water  dumped  overboard. 

i.  The  weight  includes  the  average  water  content  of  two  beds  oVer 
the  cycling  period.  This  is  about  equal  to  the  water  content 
of  one  bed  at  the  end  of  its  adsorption  period. 

j<  The  silica  gel  particle  size  is  t^akeh  as  6  to  6  mesh. 

k.  The  cycling  time  is  one  hour. 

The  results  of  the  computations  given  in  Figure  36  show  the  effect  On 
the  silica  gel  bed  weight  of  the  pumping  power  expended  to  circulate  the 
air  through  the  bed.  The  plot  is  given  for  three  values  of  the  cabin 
relative  humidity,  namely,  50,  60,  and  70  per  cent,  and  cabin  pressures  Of 
5,  7,  10,  and  14.7  psia.  Low  pumping  power  results  from  large  face  areas 
and  short  bed  lengths  for  a  given  adsorption  period.  Short  length's;  in  gen 
erai,  lead  to  low  Utilization  efficiency  and  correspondingly  high  Weight- 
On  the  other  hand,  high  pumping  fosses  occur  at  the  higher  superficial  air 
Velocities  which  also  produce  low  bed  Utilization  efficiencies* 

3.  Subsystem  Integration 

The  Weights  of  the  components  of  the  regenerate  silica  get  humidity 
control  subsystem  depicted  in  Figure  35  are  listed  In  Table  7.  In  addition 
to  the  accessory  Wei ght>  the  total  subsystem  Weight  includes  the  Weight  of 
the  water  contained  In  the  bed  during  operation. 
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TABLE  7 


REGENERABLE  SILICA  GEL  SUBSYSTEM  ACCESSORY  WEIGHT 
(3- MAN  SYSTEM) 


Fixed  Weight  accessory 
**VatVfrt<J  is  redundant  for  saffcty  reasons 
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Since  the  fixed  portion  of  the  accessory  weight  is  a  sizeable  percent¬ 
age  of  the  total  subsystem  weight,  the  total  weight  of  the  system  cannot  be 
averaged  on  a  number-of -crew-member  basis.  Instead,  the  variable  portion  of 
the  accessory  weight  is  taken  as  proportional  to  the  square  root  of  the  num¬ 
ber  of  crew  members,  and  the  total  subsystem  weight  is  expressed'  by 

WT  =  V#B  N  +  3.41  Jh  +  5.1,  lb  (6) 

Where  M  is  the  number  Of  crew  members,  and  W.  Is  the  weight  of  the  two 
silica  gel  canisters.  Wp  can  be  obtained  for  various  cabin  atmosphere  con¬ 
ditions  from  the  plots  of  Figure  36. 

Another  subsystem  characteristic  of  importance  for  space  vehicle  instal¬ 
lation  is  the  heat  required  by  the  system  for  desorption  of  the  bed.  As 
pointed  out  previously,  the  silica  gel  desorption  temperature  is  approximate¬ 
ly  150°F.  If  electrical  power  is  used  as  a  heat  Source  for  bed  desorption, 

the  penalty  incurred  by  the  subsystem  can  be  expressed  by  the  foil owing 
equation:  M 


u  _>N(PP> 

WP1  3.413  J 


lb 


(7) 


where  Q.  is  the  heat  requirement  for  desorption  as  given  in  Table  8,  N  is 
the  number  of  crew  members,  and  (PP)  the  vehicle  power  penalty  in  lb  per 
watt  of  pcwer  consumed. 


After  desorption,  the  bed  temperature  is  1 50*F,  and  the  heat  stored  in 
the  bed  is  rejected  partly  to  the  environment  and  partly  to  the  process  air 
stream  after  valve  switching.  In  any  case,'  this  amount  of  heat  constitutes 
a  heat  load  on  the  Vehicle  thermal  management  system.-  In  addition,  since 
he  Cooling  of  the  bed  Is  provided,  the  heat  released  during  adsorption  is 
dumped  into  the  process  air,  thus  raising  its  tempo  rat are;  part  of  the  heat 
of  adsorption  is  expended  in  warming  the  bed  Itself.  This  amount  of  heat, 
however,  is  small  compared  to  the  load  rejected  to  the  air.  The  total  heat 
rejection  from  the  silica  gel  system  to  the  Vehicle  thermal  management  sys¬ 
tem  is  the  same  as  required  for  bed  desorption,  which  is  given  in  Table  St 
The  penalty  associated  With  this  heat  rejection  load  is  given  by  the  expres¬ 
sion 


WQ  =  N(RP),  tb 


(  8) 


Where  tip  is  listed  in  Table  8,  and  (RP)  is  the  Vehicle  heat  rejection  penal  - 
ty  in  lb  per  Stu/rif. 


The  water  removed  from  the  process  air  is  dumped  overboard  Upon  desorp¬ 
tion  of  the  silica  gel  bed.  In  vehicles  where  hO  surplus  of  Water  exists, 
this  Is  a  serious  disadvantage  for  Which  the  system  Should  be  penalized. 

This  penalty  is  obviously  a  function  of  the  number  of  crew  members  and  of 
the  mission  duration;  it  can  be  expressed  by 


%0  =  Nt,  ib 


(9) 
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where  r  is  the  mission  duration  in  days. 

Another  factor,  which  must  be  accounted  for  in  the  system  equivalent 
weight,  is  the  pumping  losses  incurred  for  circulating  the  process  air 
through  the  system.  The  silica  gel  bed  weight  was  plotted  against  the 
system  pumping  losses  which  cans  in  turns  be  translated  into  system  weight 
by  the  expression 

Wpz  =  (PL)t  (PP>  (10) 

where  (PL)x  is  the  system  pumping  losses  in  watts,  and  (PP)  Is  the  vehicle 
power  penalty.  Here  the  subsystem  power  loss  is  made  up  Of  the  bed. 

Valves,  and  piping  losses.  Table  9  gives  the  pumping  losses  In  the  system 
valves  and  piping  for  a  fan  motor  efficiency  of  0.45. 

The  subsystem  total  equivalent  weight,  taking  into  account  all  the 
penalties  associated  with  its  installation  aboard  a  space  vehicle,  can 
then  be  expressed  by  collecting  all  the  weights  defined  in  the  preceding 
paragraphs;  the  subsystem  is  then  characterized  fully  by  - 

V£  =  5.1  +  3.41  >/H  +  Wg  N  +  (PP) 


+  (RP)  Qr  N  +  2.2  Ht 

It  should  be  noted  that  the  vehicle  power  penalty  can  be  a  function 
of  the  mission  duration  (e.g.>  if  the  power  source  Is  chemfcalfy  fueled) . 

MOISTURE  REMOVAL  BY  COOt.ER-CdNDENSE* 

General 

A  relatively  simple  method  of  controlling  the  humidity  of  the  cabin 
air  Is  to  condense  the  moisture  in  a  heat  exchange r  and  to  remove  th® 
condensate  from  the  process  air  stream.  Figure  Si  is  a  schematic  diagram 
of  such  a  system-  Water  from  the  moist  air  stream  condenses  oh  the  surface 
Of  the  cooler-condenser  and  is  blown  downstream  by  the  air  flowing  through 
the  heat  exchanger.  Part  of  the  liquid  water  droplets  are  separated  from 
the  main  air  stream  In  a  water  separator;  the  air  is  then  returned  to  the 
cabin  or  to  another  subsystem  for  further  processing.  The  condensate  is 
channeled  to  a  reservoir  (shown  here  as  a  bellows)/  pumped  to  the  Water 
management  subsystem,  and  dumped  overboard  or  returned  to  the  cold  side 
of  the  coci e r-condense r.  Where  It  Is  evaporated  at  low  pressure,-  to  pro¬ 
vide  part  of  the  heat  sink  for  humidity  condensation. 

The  system  diagram  illustrates  a  possible  arrangement  for  the  collec¬ 
tion  and  disposal  of  the  water  separated/  suitable  for  Operation  in  a 
zero-gravity  ehvl ronment.  The  condensate  is  ducted  by  means  of  wicks  from 
the  water  separator  to  a  be  Hows -type  reservoir.  As  the  water  in  the  res- 
ervoi r  accumulates,  an  electrical  contact  activates  a  solenoid  actuator 
Which  compresses  the  be! tows  and  thus  pumps  the  water  through  a  check  valve 
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Figure  37'..  Cool er-Condenser  Humidity  Control  Subsystem 


to  the  water  management  subsystem.  As  the  bellows  is  depressed,  the  contact 
is  broken  and  the  cycle  repeated. 

In  the  following  discussions,  the  character 1st fcs  of  the  cooler- 
condenser  are  given  in  terms  of  system  parameters,  and  the  various  means 
of  separating  the  condensate  from-  the  process  air  stream  are  reviewed  and 
discussed. 

Cool e r-Condenser  Performance 


i 

The  flow  required  through  the  system  for  the  removal  of  2.2  lb  of 
water  per  man-day  is  a  function  of  the  Inlet  and  outlet  water  concentrations 
In  the  process  air  streamy  of  the  cabin  pressure,  and  of  the  water  separa¬ 
tor  efficiency’.  The  expression  for  the  flow  requirement  Is  given  by  the 
equation 
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Graphic  solution  of  this  equation  Is  shown  In  Figures  38  to  40,  where 
the*  flow  requirement  fs  plotted  against  the  cabin  relative  humidity  for 
cool e r-condenSe r  outlet  temperatures  of  35,  40,  and  45®F  and  cabin  pressures 
of  5,  7,  fO,  and  1 4. 7  psla.  Also,  the  flow  requirement  for  water  removal 
is  plotted  against  cool e r-conaense r  Outlet  temperature  In  Figure  41.  In 
Figures  38  to  40,  the  humidity  coni rot  system  cooling  requirements  are 
also  plotted  as  a  function  of  the  cabin  relative  humidity  and  cabin  pressure. 

.Figure  42  shows  the  Cooling  requi rements  as  a  function  of  condenser  outlet 
. '  temperature. 


The  sharp  rise  -in  flow  requirement  and  cooling  load  at  iow  cabin 
relative  humidity  with  a  flattening  characteristic  at  about  60  per  cent 
relative  humidity  points  to  the  desirability  of  maintaining  the  cabin  humid¬ 
ity  as  high  as  possible.  The  comfort  zone  inside  the  cabin  extends  over 
a  Wide  range  of  relative  humidities  with  the  maximum  values  compatible  with 
unimpaired  crew  performance  varying  between  60  and  70  per  cent  (see  Figure 


These  piots  also  indicate  the  savings  ensuring  from  low  condenser  out¬ 
let  temperatures.  This,  however,  is  more  difficult  to  satisfy  than  high 
relative  Humidity.  Heat  sink  temperatures  tower  than  about  40  to  45#F 
normally  impose  very  high  weight  penalties  on  space  vehicle  liquid  cooling 
loops.  These  penalties  result  from  the  large  radiator  areas  required  to 
cOOl  the  heat  transport  fluid  to  the  temperature  level  desired  for  operation 
of  the  humidity  control  system.  Temperatures  on  the  order  of  40  to  45®F 
can,  however,  be  achieved  by  evaporating  water  or  another  fluid  at  low 
pressure  and  dumping  the  vapor  overboard.  This  process  can  be  advantageous¬ 
ly  used  aboard  vehicles  where  material  balance  shows  a  surplus  production 
of  water.  Where  a  refrigeration  system  is  installed,  it  is  advantageous 
to  operate  the  heat  exchanger  at  a  temperature  as  low  as  possible.  It 
should  be  noted  here  that  the  surface  temperature  of  the  cooler-condenser 
must  be  kept  above  the  freezing  temperature  of  the  water.  The  operating 
temperature  range  of  the  cooler-condenser  surface  it,  therefore,  restricted 
to  Si#F. 


78 


PROCESS  ARI  FLOW,  n  w  ,  LB/MAN-DAY 


30000 


4000 

3000 

2000 


1000 

800 

600 

500 

400 

300 

200 


100 


20000 


10000 

8000 

6000 

5000 

4000 

3000 

2000 


1000 


Figure  38.  Flow  Requi  rement  and  Hedt  Load  for  Humidity  Control  - 
Condenser  Temperature:  35°F 
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figure  40.  Flow  Requirement  and  Heat  Load  for  HUM id I ty  Control - 
Condenser  Temperature:  456F 
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The  weight  of  the  cooler-condenser  was  estimated  by  the  methods  pre¬ 
sented  in  Reference  1  •-  The  calculations  were  performed  assuming,  a  heat 
exchanger  effectiveness  Of  0.8  for  cabin  relative  humidities’  Of  66'  and  70' 
per  cent.  The  plate  fin  arrangement  used  in  the  design  with  the  air  side1 
extended  surface  defined  is  given  below. 

Fin  type:  rectangular  o 

Offset:  1/7  in. 

Fin  height:  0.153  in. 

Fin  thickness:  0.020  In. 

Number  Of  fins  per  Inch;  16 

Plate  thickness;  0.020'  in. 

Material:  aluminum 

Construction:  Double  sandwich  arrangement 

The  COld  fluid  was  assumed  to  be  ethylene  glycol/  and  the  heat 
transfer  surface  On  the  liquid  side  was  the  same  as  the  air  Side  fin/  but 
in  a  single  sandwich  arrangement.  The  results  of  the  calculations  are 
presented  in  Figures  43  and  44  where  the  total  heat  exchanger  weight  is 
plotted  as  a  function  Of  the  pump'lhg  powfer  expended  to  flow  the  moist 
air  through  the  exchanger.-  The  corves  are  plotted  for  Cabin  pressures 
Of  10/  and  i4*.2L..asl.a«.».^fejee1., eff  rCiency  Of  tfce“far'n  arid  motor  driVe 
is  taken  as  0.4$.  These  plots  indicate  that  not  much  will  be  gained  by 
increasing  the  pumping  losses  above  about  2  Or  3  watts. 

Selection  Of  the  heat  exchanger  can  Only  be  made  on  the  basis  of  a 
trade-off  study  between  the  pumping  losses  and  the  heat  exchanger  Weight. 

As  an  example  of  sUch  a  study/  heat  exchanger  Weight  and  pumping  powfer  are 
plotted  In  Figure  45  against  the  Vehicle  power  penalty  expressed  In  lb  pfer 
Watt.  The  trade-off  study  Wars  conducted  for  a  Cooler-Condenser  outlet 
temperature  of  45®F  and  cabin  tel  at  Ive  hUrrffdity  of  66  pet  Ofertt  .• 

liquid  v«qt at  Separator 

The  condensate  blown  out  of  the  cool e c-condense r  by  the  process  air 
stream  is  partly  ertt rained  in  the  form  of  smai f  droplets  and  partly  as 
drops  of  1 1 cfti I d  water  attached  to  the  duct  Waiis.  Several  means  Of  remov¬ 
ing  the  ifquid  water  from  the  air  stream  have  been  proposed  for  zero- 
gravity  operation--  Among  these  are  the  filter  separators/  such  as  sponges/ 
and  the  certtiifugai  types/  such  as  bend  separators/  cyclone  separators/ 
and  rotating  separators.  AH  of  these  types  ate  discussed  and  analyzed  in 
hefe rente  i.  At  present/  a  certain  amount  of  experience  on  the  sponge 
separators  has  been  developed  from  its  use  in  the  Mercury  capsule;  separa¬ 
tors  using  artificially  induced  centrifugal  fields/  on  the  other  hand/  are 
in  various  stages  of  development. 

sponge  separators  are  inherently  high-energy  loss  devices;  their 
squeezing  mechanism  is  relatively  complex/  and  their  weight  is  higher  than 
centrifugal -type  separators.  Of  the  centrifugal  separators/  the  most 
attractive  for  simplicity  and  reliability  is  the  cycloHi  separator;  it  is 
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Figure  45.  Cooler-Condenser  Optimization 


felt  that  with  a  moderate  effort,  a  low-loss  cyclone  separator  can  be  de¬ 
veloped  for  zero-gravity  operation-  The  analysis  of  Reference  1  suggests 
that  pressure  drop  on  the  order  of  1-5  in-  of  water  is  within  the  expected 
performance  of  these  separators.  However,  all  of  the  liquid  water  entrain¬ 
ed  by  the  air  stream  into  the  separator  is  not  in  small  droplet  form, 
as  assumed  in  the  analysis,  and  an  experimental  program  is  required  to  con¬ 
firm  the  results  of  the  analysis  of  Reference  1-  Because  of  all  the  devel¬ 
opment  work  being  pursued  presently  in  the  area  of  water  separation,  it  Is 
safe  to  assume  in  this  report,  for  the  purpose  of  systems  analysis,  that  a 
water  separator  of  the  centrifugal  type  can  be  used  in  space  vehicle  humid¬ 
ity  control  systems.  The  weight  of  the  separator  in  the  following  analyses 
will  be  assumed  to  be  0.5  lb  per  man,  and  it  will  further  be  assumed  that 
the  power  losses  in  the  separator  are  equivalent  to  a  process  air  pressure 
drop  of  1.5  in.  of  water. 


Subsystem  Integration 

The  weight  of  the  accessories  of  the  humidity  control  subsystem  shown 
diagrammatical iy  in  Figure  37  is  listed  in  Table  10.  The  total  weight  of 
the  subsystem  hardware  can  be  expressed  as  a  function  of  the  number  of  crew 
members  by 

Wf  -  2,6  +  WHX  N  +  2. 19  «/fI7  lb  (.13) 

The  various  penalties  to  be  charged  against  the  subsystem  and  added  to 
Its  basic  weight  can  be  found  below- 

f .  Heat  Rejection  Penalty 


The  cooling  load  requirement  of  the  cooler-condenser,  CL,  is  plotted 
in  Figure  58,  59,  and  40,  for  .cabin  pressures  of  5,  7,  10,  and  14.7  psia, 
and  cabin  relative  humidities  of  30  to  70  per  cent.  The  corresponding 
equivalent  subsystem  weight  is  expressed  in  terms  of  the  vehicle  heat 
rejection  penalty,  RP  (in  lb  per  Btu/hr)  as 


wa  =  m  (rp),  ib 


(14) 


2.  Pumping  Power  Penalty 


The  weight  of  the  cooler-condenser,  W*,y  Is  plotted  in  Figures  43  and 
44  as  a  function  of  the  pumping  losses  through  the  heat  exchanger  itself. 
The  total  Subsystem  pumping  power  Is  made  up  of  the  losses  In  the  cooler- 
condenser  Itself,  and  the  losses  in  the  rest  of  the  circuit*  These  calcu¬ 
lations  for  air  temperatures  of  40®F  and  45°F  are  listed  in  Table  11.  The 
subsystem  weight  equivalent  to  the  pumping  losses  is,  therefore,  expressed 
as 


Wp  -  (Pl)T  (PP)  (15) 

where  (PL)t  Is  the  total  pumping  power  through  the  system  from  Figures  43 
or  44  and  Table  1 1 . 


88 


TABLE  10 


COOLER-CONDENSER  SUBSYSTEM  ACCESSORY  WEIGHT 
(3-MAN  SYSTEM) 


Component 

Weight,  lb 

Flow  control  valve 

0.6 

Flow  control ler 

2.5 

j|( 

Relative  humidity  sensor 

0.1 

Water  separator 

0.7 

Check  valves 

0.6 

Pump  reservoir 

1 .2 

Solenoid  actuator 

0.7 

Total  Weight; 

6.4  lb 

Fixed  weight  accessory 


TABLE  11 

PUMPING  POWER  LOSS  IN  THE  SEPARATOR  AND  PIPING  OF  A 
COOLER-CONDENSER  SYSTEM  (WATTS) 


Pressure,  psia 

5 

7 

10 

14.7 

Relative  humidity 

60$ 

2.69 

2.81 

2.74 

2.68 

70$ 

1 .76 

1 .85 

1 .80 

1.765 

89 


3. 


Electrical  Power 


The  electrical  power  required  to  activate  the  solenoid  actuator  is 
negl igible. 


The  total  subsystem  equivalent  weight  can  finally  be  written  as 
WE  =  2.6  +  WHX  N  +  2.  19  N  ( RP) 

+  (ps)t  (PP) 


(16) 


It  is  interesting  to  note  that  the  total  subsystem  equivalent  weight 
Is  independent  of  the  mission  duration  as  such.  Mission  duration  can, 
however,  indirectly  Influence  the  weight  if  it  has  an  effect  on  the  vehicle 
power  penalty. 

SUBSYSTEM  COMPARISON 

The  two  competing  humidity  control  subsystems  considered  in  this  sec¬ 
tion  are  compared  here  on  the  basis  of  their  equivalent  weight  and  other 
characteristics  pertaining  to  space  vehicle  installation. 

V 

Equivalent  Weight 

The  hardware  weight,  heat  rejection  load,  heating  requirement,  power 
consumption,  and  water  balance  for  the  cooler-condenser  and  the  silica  gel 
subsystem  were  calculated  for  the  following  typical  vehicle  and  mission 
parameters: 

Cabin  pressure;  7  psia 
Cabin  relative  humidity;  6&f> 

Number  of  crew  members;  3 

Cooler-condenser  subsystem  air  outlet  temperature:  45°F 

For  these  conditions,  the  subsystem  parameters  are  listed  in  Table  12. 


TABLE  12 

COMPARISON  OF  SUBSYSTEM  CHARACTERISTICS 


Pa  ramete  r 

Sil ica-Gel 
Subsystem 

Cool e  r-Condense  r 
Subsystem 

Hardware  weight,  lb 

28.1 

10.3 

Pumping  losses,  watts 

1.55 

4.81 

Heat  rejection  load,  Btu/hr 

439 

569 

at  a  temperature  of,  ®F 

70 

45 

Heating  requirement,  Btu/hr 

439 

- — 

at  a  temperature  of,  ®F 

150 

Water  balance,  1 b/day 

-6.6 

+6.6  ** 

% 

Dumped  overboard 
**  Recovered 
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The  equivalent  weight  of  the  subsystem  is  plotted  in  Figure  46  for 
various  penalties  considered.  Here  it  is  assumed  that  the  heat  rejection 
penalty  (RP),  in  lb  per  watt,  is  10  per  cent  of  the  power  penal  ty,  (PP). 

From  this  plot,  it  is  seen  that  even  in  the  best  of  light,  the 
silica  gel  subsystem  is  heavier  than  the  cooler-condenser  subsystem  for 
vehicle  power  penalties  below  300  lb  per  kw.  If  heat  rejection  load  is 
taken  into  account,  and  moreso  if  the  water  balance  is  introduced  into  the 
picture,  the  silica  gel  subsystem  is  not  at  all  competitive  with  the  sim¬ 
ple  cooler-condenser  subsystem  on  a  weight  basis. 

Even  at  high  vehicle  power  penalty,  the  slight  weight  advantage  of 
the  silica  gel  system  (In  ideal  conditions)  is  nOt  enough  to  offset  the 
other  advantages  of  the  simpler  cOoler-cOndenser  system,  as  discussed 
below. 

Rel labi 1 i  ty 

The  cooler-condenser  subsystem  is  orders  of  magnitude  more  reliable 
than  the  regenerable  silica  gel  subsystem.  Operation  of  the  silica  gel 
subsystem  val ves  requ i res  a  complex  mechanism.  The  number  of  valves,  in 
itself,  makes  the  system  unreliable.  In  addition,  all  the  valves  seal 
against  the  vacuum  to  which  the  bed  is  desorbed;  this  presents  a  serious 
safety  problem.  In  practice,  twO  valves  in  series  would  be  installed 
everywhere.  Al  though  single  valves  are  shown  In  the  subsystem  diagram  of 
Figure  35,  the  accessory  weight  estimate  is  based  Oh  the  use  of  twO. 

Process  Air  Outlet  Temperature 

An  undesirable  feature  Of  the  regenerable  silica  gel  subsystem  is  the 
temperature  cycling  Of  the  process  air  at  subsystem  outlet.  At  the  start 
Of  the  adsorption  period,  the  bed  is  hot,  near  150°P,  and  the  process  air 
temperature  will  rise  through  the  bed  approaching  the  temperature  of  the 
bed  at  outlet.  As  the  bed  is  cooled,  the  air  temperature  will  decrease; 
the  cyclic  temperature  of  the  outgoing  air  depends  oh  the  bed  dynamic 
characteristics. 

Integration  Potential 

Removal  of  the  moisture  from  the  cabin  air  by  coOler-Condenser  offers 
the  possibility  of  integration  Of  the  humidity  control  and  Cabin  tempera¬ 
ture  control  subsystems.  This  greatly  reduces  the  installation  number  Of 
components  as  Weil  as  control  complexity.  In  actual  practice,  these  two 
functions,  humidity  control  and  temperature  Control,  are  unified  and 
effected  in  the  same  atmospheric  control  loop.  In  this  report,  the 
humidity  control  Is  assumed  to  be  divorced  from  the -temperature  control  to 
better  assess  the  penalties  involved  in  the  process  of  controlling  cabin 
humidity. 
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1  NO  HEAT  REJECTION  PENALTY 
NO  HEATING  PENALTY 

NO  WATER  CONSUMPTION  PENALTY' 

2  NO  HEATING  PENALTY 

NO  WATER  CONSUMPTION  PENALTY' 

3  NO  HEATING  PENALTY 


Figure  46.  humidity  Control  Subsystems  Comparison 
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SECTION  vr 

CARBON  DIOXIDE  MANAGEMENT  SUBSYSTEMS 


INTRODUCTION 

This  section  describes  and  characterizes  Carbon  dioxide  removal  sub¬ 
systems  suitable  for  use  in  spacecraft  atmospheric  control  systems.  Only 
the  most  promising;  processes  analyzed  in  Reference  1  are  considered  here: 
for  limited  mission  durations  -  lithium  hydroxide  absorption,  potassium 
and  sodium  superoxide  absorption  with  generation  of  oxygen;,  for  moderate 
to  long  mission  durations  -  regenerate  adsorbents,  freeze-out  heat  ex¬ 
changer  processes,  and  continuous  electrodielysis*  Open-cyCle  carbon 
dioxide  removal  can  be  discarded  because  Of  excessive  fluid  requirements. 

On  the  other  handy  closed-cycle  carbon  dioxide  management  systems  using 
algae  or  plants  can  be  discarded  for  reasons  of  weight  and  development 
Status. 

The  systems  are  discussed  in  terms  of  vehicle  and  mission  parameters. 
The  weight  penalties  associated'  with  power  consumption  will  play  an  impor¬ 
tant  role  in  Selection  Of  an  optimum  system.  Other,  factors  considered 
include  neat  dissipation  penalties.  State-of-the-art'  1  imitat rOhs,  relia¬ 
bility,  and  integration  problems. 

Recovery  of  oxygen  from  the  carbon  dioxide  is  treated  separately  in 
the  next  Section  Of  this  report.- 

SUMMARY  AND  CONCLUSIONS 

For  short  mission  durations,  lithium  hydroxide  absorption  appears  the 
most  attractive  means  of  space  vehicle  atmosphere  carbon  dioxide  control. 
Successful fy  used  on  the  Mercury  capsule,  this  method  represents  the  state 
of  the  art.  Oxygen-producing  superoxide  systems  are  at  best  heavier  than 
competing  lithium  hydroxide  systems*  In  addition,  the  tendency  of  super- 
oxide  beds  to  plug  creates  a  control  problem  Which  does  hot  exist  in 
lithium  hydroxide  beds* 

Regenerate  adsorbents,  Such  as  ''molecular  sieves,"  can  be  used  as 
the  basis  for  regenerate  carbon  dioxide  removal  systems*  The  power 
requirements  for  these  systems  represent  a  serious  limitation  for  mission 
durations  on  the  order  of  two  weeks  and  under.  The  main  problem  arises 
from  the  necessity  of  drying  this  process  gas  to  a  very  low  dew  point  With 
the  presently  available  carbon  d i oxide  adsorbents.  Systems  of  this  type 
f-eqUire  a  large  number  of  valves,  some  of  Which  must  seat  tightly  against 
a  space  Vacuum*  This  poses  a  reliability  problem* 

Freeze-oUt  heat  exchangers  can  be  Used  for  carboh  dioxide  removal 
where  a  low- temperature  heat  sink  is  available*  The  most  logical  heat 
sink  for  these  systems  is  the  atmospheric  make-up  fluids  stored  as  cryogenic 
I i quids*  At  present,  there  is  inadequate  information  concerning  heat 
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transfer  to  a  subliming  solid  under  conditions  which  exist  in  a 
freeze-out  system  to  permit  complete  evaluation  of  freeze-out  methods. 

Diffusion  and  electrodialysis  cells  are  potentially  very  attractive 
in  that  they  are  essential ly  static,  continuous -flow  devices.  At  present, 
however,  they  are  in  a  fairly  early  research  and  development  stage  and 
have  excessive  power  consumption  and  other  operational  limitations. 

CARBON  DIOXIDE  REMOVAL  BY  LITHIUM  HYDROXIDE  ABSORPTION 

General 


Lithium  h  yd  v  ox  ide  absorbs  carbon  dioxide  according  to  the  reaction: 


2  Li  OH  +  CO2  — ►  u2  C03  +  H2° 


(17) 


Some  water  vapor  is  necessary  for  the  reaction  to  take  place.  The 
amount  of  water  vapor  present  in  space  vehicle  cabin  atmospheres  (from 
50  to  70  per  cent  relative  humidity)  is  suitable  to  catalyze  the  reaction. 
Absorption  of  carbon  dioxide  by  lithium  hydroxide  is  exothermic,  1305 
Btu  per  lb  of  carbon  dioxide  absorbed  being  released.  Under  normal 
operating  conditions,  some  of  this  heat  is  expended  in  vaporizing  the 
water  of  reaction.  The  amount  of  water  Vapor  produced  by  the  reaction  is 
0.41  lb  of  water  per  lb  of  carbon  dioxide,  and  the  lithium  hydroxide  con¬ 
sumption  is  ideally  1.059  lb  per  lb  Of  carbon  dioxide.  Lithium  hydroxide 


is  commercially 
density  of  25  to  30  lb  per  ft3 
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The  heat  and  mass  transfer  performance  of  a  granular  lithium  hy¬ 
droxide  bed  may  be  visualized  by  referring  to  Figure  47,  which  shows 
temperature  and  carbon  dioxide  concentration  profiles  at  two  different 
times  in  a  typical  canister.  Most  of  the  reaction  takes  place  in  an 
absorption  zone  which  slowly  moves  from  the  inlet  end  to  the  outlet  end 
of  the  canister.  When  the  leading  edge  of  the  absorption  zone  reaches 
the  outlet  end  of  the  granular  bed,  the  so-called  breakthrough  point 
has  been  reached;  after  this  point,  carbon  dioxide  content  of  the  gas 
leaving  the  canister  rises  fairly  rapidly  with  time. 


The  theoretical  capacity  of  lithium  hydroxide  for  carbon  dioxide 
absorption  cannot  be  achieved  in  an  atmosphere  control  system  because  of 
the  bed  dynamic  characteristics.  Typical  closed-circuit  test  data  are 
shown  in  Figures  48  and  49. 


A  closed-circuit  process  involves  recirculation  of  the  process  gas 
and  addition  of  carbon  dioxide  at  a  constant  rate.  The  inlet  and  outlet 
carbon  dioxide  concentrations  in  the  process  air  are  plotted  against 
test  durations  in  Figure  4J5  for  a  typical  bed  design. 

It  is  interesting  to  note  that  the  relatively  constant  difference 
between  the  inlet  end  outlet  concentrations,  even  after  "breakthrough," 
indicates  that  all  the  carbon  dioxide  added  to  the  air  stream  is  removed. 
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Figure  49,  Lithium  Hydroxide  Absorption  Capacity  for  Carbon  Dioxide 
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The  carbon  dioxide  concentration  at  bed  outlet  is  about  constant  for  a 
long  period  of  time  and  increases  rapidly  before  "breakthrough." 

The  exact  shape  of  the  curves  presented  in  Figure  47  and  the  position 
of  the  "breakthrough"  depend  on  the  air  superficial  velocity,  the  canister 
dimensions,  and  the  process  air  inlet  temperature. 

The  carbon  dioxide  absorption  capacity  of  several  lithium  hydroxide 
canisters  of  different  configurations  is  shown  as  a  function  of  inlet 
temperature  in  Figure  49.  The  two  high  values  (0.88  and  0.87  lb  carbon 
dioxide/lb  iithium  hydroxide)  represent  prototype  canister  tests  using 
fresh  iithium  hydroxide.  Production  canisters  Of  similar  design  provide 
capacities  on  the  order  of  0.825  lb  of  carbon  dioxide/lb  of  1  i th i uni  hy¬ 
droxide.  This  last  value  corresponds  to  a  bed  utilization  efficiency  Of 
92.8  per  cent. 

In  this  report  section,  the  characteristics  of  the  I ithium  hydroxide 
carbon  dioxide  removal  systems  are  based  on  the  test  data  presented  above. 
The  bed  utilization  efficiency  is  taken  as  92.8  per  cent  and  the  carbon 
dioxide  partial  pressure  at  bed  outlet  is  assumed  to  be  0.5  mm  of  mercury. 
This  last  value  is  somewhat  higher  than  shown  in  Figure  48. 

The  1 ithium  hydroxide  particle  size  is  generally  kept  between  4  to 
8. mesh  size  for  high  utilization  efficiencies  and  low  bed  pressure  drops. 
It  appears  that  no  channeling  occurs  with  this  particle  site  at  gas 
velocities  up  to  1.0  ft  per  sec? 

Subsystem  Character  is tics 

1.  Flow  Requirements 

The  process  air  flow  requirement  for  carbon ■d'S'dxide  absorption  by 
lithium  hydroxide  has  been  calculated  for  the  following  conditions  and 
assumptions: 

a<  The  carbon  dioxide  partial  pressure  in  the  process  air  stream, 
leaving  the  absorber  bed  is  0.5  mm  Hg. 

b.  The  carbon  dioxide  production  rate  in  the  cabin  is  2; 25  lb/man 
day  ( Reference  3) . 

c«  The  Cabin  air  molecular  weight  is  calculated  assuming  a  cabin 
relative  humidity  of  60  per  cent  and  an  oxygen  concentration 
given  by  Figure  4. 

The  results  of  these  calculations  are  plotted  in  Figure  50  for 
various  cabin  atmospheric  pressures. 

2.  Temperature  Rise 

The  process  air  temperature  rise  across  the  canister  is  shown  in 
Figure  5.1  against  the  cabin  air  carbon  dioxide  concentration:  The  flbWs 
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Lithium  Hydroxide  Subsystem  Flow  Reqiii  rement 
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Figure  50. 


PROCESS  AIR:  TEMPERATURE  RISE 


200 


Figure  SI.  Lithium  Hydroxide  Subsystem  Process  Air 
Tempereture  Rise 


calculated  above  were  used  in  the  computations.  None  of  the  heat  of  reac¬ 
tion  is  assumed  transferred  to  the  bed. 

3.  Subsystem  Arrangement 

The  consumption  of  lithium  hydroxide  is  a  function  of  the  number  of 
crew  members  in  the  cabin  and  of  the  duration  of  the  mission.  Under 
normal  average  conditions,  2.728:  lb  per  man-day  are  consumed;  the  corres¬ 
ponding  volume  consumption  is  188  in.3  per  man-day.  This  leads  to 
packaging  problems  as  mission  duration  increases.  In  view  of  this,  the 
use  of  rechargeable  canisters  is  advisable  for  missions  of  long  duration. 

It  is  reasonable  to  assume  that  an  interval  of  one  day  between  charges 
will  not  hamper  crew  operation  unduly.  Consideration  of  potential 
composition  transients,  particularly  during  emergency  situations  when 
suit  circuit  operation  is  required,  leads  to  the  recommendation  of  a  system 
using  two  LiOH  canisters  in  parallel  for  carbon  dioxide  removal.  The  two 
canisters  are  normally  on  stream,  and  operation  on  one  canister  involves 
a  loss  of  system  performance.  Such  a  subsystem  is  illustrated  in 
Figure  52. 

4.  Canister  Weight  Optimization 

The  weight  of  the  canisters  of  the  subsystem  depicted  in  Figure  52 
is  optimum  when  the  sum  of  the  canister  weight  and  the  weight, equivalent 
to  the  pressure  loss  in  the  LiOH  bed  is  minimum.  A  canister  design 
method  based  on  this  criterion  is  presented  below. 

Assume  two  cylindrical  canisters  as  follows: 

Material:  Aluminum 


Cylindrical  wall  thickness:  0.050  in.  thick 


Circular  end  plates:  0.200  in.  thick 


The  weight  of  the  two  canisters  based  on  this  model  can  then  be  expressed 

by: 

W£  =  2  [s. 76  Ap  +  2.552  l]  ,  lb  (  18) 

Note  that  this  weight  includes  the  weight  of  the  mounting  brackets,  flang¬ 
es,  filters,  springs  for  loading  the  lithium  hydroxide  charge,  etc. 


The  pressure  drop  through  the  lithium  hydroxide  bed  is  calculated  by 
the  method  of  Reference  1 : 


f  2^3- >  "V»t* 

3  p 

where 

f  m  850  _  850  u 

*■  a ”  nn 


(19) 

(2Q) 
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therefore. 


AP  =  52g°pV^  '  !b/ft2 

S  P 

The  lithium  hydroxide  volume  consumption  in  one  day  is: 


(21) 


V  = 


*825  PLiOH  pLiOH 


^U.  -  ApL,  ft* 

0,  F 


(22) 


where  p. .-u  =  25  lb  per  cu  ft 
L  1  Un 

Noting  that  G  =  w/2Ap,  where  w  is  in  Ib/sec,  and  introducing 
Equation  22  into  Equation  21,  the  following  expression  is  obtained: 

P 


(23) 


and  the  pumping  power,  assuming  a  fan-motor  efficiency  of  0.45,  is  given 

by:  . 


73-(^0  k2,  «atts 


(pL)  -.0-5-  ip*  >  N 

P 


(24) 


where 


0.00909  ft  for  a  6  to  8  L I OH  particle  mesh  size. 


18  yields 


Introduction  of  the  expression  for  Ap  from  Equation  22  Into  Equation 


Wc  =  1.256  £  +  1.684  n/NL 


(25) 


The  optimum  canister  design  is  then  found  for  a  minimum  of  the 
function 

(F)  =  884  x  10*  (&£-)  L*  +  1 . 256  —  +  1.684  Jl 

where  ( PP)  is  the  vehicle  power  penalty. 

Differentiating  (F)  relative  to  L,  the  criterion  for  canister  design 
is  found: 


1768  X  10*  (>4~)  ^  L  -  1~6_N  + 


0.842  >/? 

s/L 


=  0 


(26) 
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The  first  term  of  Equation  26  is  small  compared  to  the  other  two, 
and  its  effect  on  the  bed  length  is  negl  igible.  This  means  that  the 
canister  weight  itself  is  much  higher  than  the  pressure  loss  weight  pen¬ 
alty.  For  the  purpose  of  system  evaluation.  Equation  26  reduces  to 


1.256  N 
L2 - 


0.842 

~r~ 


(27) 


yielding  the  optimum  canister  length: 

L  =  1.305  ft  (28) 

The  pressure  drop,  the  power  loss  in  the  bed,  and  the  weight  of  the 
bed  are  obtained  by  introducing  the  above  value  of  L  in  equations  23,  24, 
and  25.  Noting  that  w  =  N  w,  the  following  expressions  are  obtained: 

AP  =  5  x  16*  (j1)  N2/s,  lb/ft2  (29) 


(PL)  =  1.507  x  107  (^r-)  N5/5 ? 
W  -  2.885  N2 / 5 ,  lb 


(30) 

(31) 


In  the  above  equations,  (^)  and  (~pr-)  are  functions  of  the 
cabin  pressure  and  carbon  dioxiae  concentration  in  the  cabin.  Equation 
31  is  plotted  in  Figure  53,  and  solutions  of  Equations  29  and  30  are 
given  in  Figures  54  and  55. 


For  missions  of  short  duration,  no  problem  arises  from  packaging 
all  the  required  lithium  hydroxide  into  a  single  canister.  Redundancy 
is  not  necessary  in  this  case,  since  the  canister  is  in  the  circuit  at 
all  times.  Results  of  ah  analysis  of  single  canister  weights  are  shown 
in  Figure  56.  Also  shown  for  comparison  is  the  canister  we-ight  of  a 
double  canister  arrangement.  On  a  weight  basis>  the  use  of  single 
canisters  is  limited  to  mission  durations  of  less  than  approximately 
two  days . 

5.  Subsystem  Equivalent  Weight  1 

The  total  subsystem  equivalent  weight  is  made  up  of  the  terms 
belbW: 

a.  Lithium  Hydroxide  Consumption 


this  is  readily  calculated  from  the  carbon  dioxide  production  rate 
in  the  cabin  and  the  lithium  hydroxide  bed  utilization  efficiency.  An 
additional  penalty  is  incurred  for  storing  the  charges  aboard  the  vehicle* 
this  is  taken  here  as  3.0  per  cent  of  the  lithium  hydroxide  weight,  the 
total  Weight  of  the  stored  hydroxide  is  then 


WLi0H  =  2,81  Nt 


(32) 
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Figure  55.  Lithium  Hydroxide  Bed  Power  Loss 
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MISSION  DURATION,  DAY'S 


Figure  56.  Single  Canister  Weight 


h.  Canister  Weight 

The  canister  weight  has  beer.:  found  previously  to  be  a  function  of  the 
number  Of  crew  members  and  Is  expressed  by  the  equation 

Wc  =  2.885  Ns/'3  ('33)/ 


c.  Accessory  Weight 

The  weights  of  the  accessories  shown  in  Figure  52  are  listed  in 
Table  13 for  a  three-man  system.  The  total  accessory  weight  is  a  function 
Of  the  number  Of  crew  members  and  can  be  estimated  from'  the  expression 


1  A.  .  IU 

rw  v  ir 


d.  Power  Loss  Penalty 

The  total  subsystem  pressure  drop- is  made  up  of  the  losses  in  the 
bed  itself  (see  Figure  55),-  and  in  the  piping,  manifolds,  and  valves  of 
the  system.  The  weight  equivalent  of  the  pressure  drop  can  be  Calculated 
only  when  the  vehicle  power  penalty  in  ib  per  watt  is  specified,  it 
can  be  expressed  as 

Wp  =  (PL)T  (PP),  1b  (35) 

e.  Heat  Rejection  Penalty 

The  absorption  process  generates  a  total  of  1305  Btu  per  lb  of 
carbon  dioxide  absorbed.  This  is  the  heat  load  which  must  be  disposed 
of  by  the  thermal  control  system,  since  the  Water  evolved  in  the  reaction 
i‘s  Ultimately  condensed  for  humidity  control  purposes.  Th*  heat  rejection 
load  can,  therefore,  be  written  as 

=•  122.3  N,  BtU/ hr  (36) 

and  the  heat  rejection  weight  penalty  as 

V/Q  =  (\)  (RP),  ib  (37) 

Where  (BP)  is  the  vehicle  heat  rejection  penalty  in  ib  per  Btu/hr.  This 
heat  is  rejected  at  a  temperature  level  above  70°f .  The  exact  tempera¬ 
ture  depends  on  the  atmospheric  and  thermal  control  arrangement. 

f.  Material  Balance 

Water  is  produced  in  the  carbon  dioxide  absorption  process  at  the 
rate  of  0.4i  lb  per  ib  of  carbon  dioxide  absorbed.  This  water  is  relativi¬ 
ty  pure  and  can  be  used  for  drinking  purposes  after  filtration  through 


ios 


TABLE  13 


LITHIUM  HYDROXIDE  SUBSYSTEM  ACCESSORY  WEIGHT 
(  3-MAM  SYSTEM) 


Total  Weight: 


4.4  lb 


£  . 

FiXad  Might  accessory 


activated  charcoal  beds.  The  system  should  be  credited  by  the  weight  of 
the  water  evolved  in  the  reaction.  In  addition,  a  further  saving  on  the 
water  management  subsystem  results  from  the  use  of  a  smaller  container. 
Assuming  the  water  storage  weight  penalty  to  be  8.5  per  cent  of  the  water 
stored,  the  total  weight  saving  becomes 

WH^0  ^  1 .0  Nr,  1b  (381 

The  total  Subsystem  equivalent  weight  is  the  summation  of  ail 
terms  given  above  and  is  written  as: 

WE  =  2.81  Nt  +  2.885  N  */3+  2.6+1.16  +  (pl_)  (PP) 

+  (122.3  N)  (RP)  -r  1.0  Nr  (39) 

where  r  is  the  mission  duration  in  days. 

The  equivalent  weight  of  a  lithium  hydroxide  carbon  dioxide  removal 
subsystem  was  evaluated  by  the  above  equation  for  a  typical  case  defined 
by  the  following  parameters  and  data  assumptions: 

Cabin  pressure:  10  psia 

Cabin  carbon  dioxide  partial  pressure:  7.6  mm  Hg 

Vehicle  heat  rejection  penalty:  10  per  cent  of  the  vehicle 

power  penalty  in  lb  per  watt 

Pressure  losses  through  the  system  other  than  lithium  hydroxide 

bed  loss:  0.8  Juf\n  HgO 

Accessory  weight:  (2.6  +  1.16  Jn),  lb 

The  results  of  the  calculations  are  given  in  Figures  57  and  58,  where 
the  subsystem  equivalent  weight  is  plotted  versus  the  mission  duration  for 
the  number  of  the  crew  members  up  to  5.  Figure  57  applies  when  the  sub¬ 
system  is  not  credited  for  the  water  evolved  in  the  process.  Figure  58 
shows  the  same  plot  applicable  when  the  system  is  credited  for  the  water 
of  reaction.  From  these  curves,  it  is  apparent  that  for  mission  durations 
in  excess  of  10  days,  the  weight  penalties  due  to  pumping  losses  and 
heat  rejection  are  only  a  small  percentage  of  the  total  equivalent  weight. 
The  subsystem  weight  is  mainly  the  hardware  weight  and  the  expendable 
lithium  hydroxide  weight.  The  plots  presented  can,  therefore,  with 
discretion,  be  used  for  estimating  lithium  hydroxide  subsystem  weight  at 
operating  conditions  other  than  those  defined  above. 

For  mission  durations  shorter  than  two  days,  the  weight  of  the  lithium 
hydroxide  subsystem  is  lower  than  shown  by  the  difference  in  weight 
between  the  double  and  single-canister  arrangement.  The  difference 
between  the  weight  shown  and  the  actual  subsystem  weight  can  easily  be 
estimated  from  the  data  presented. 
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Figure  57.  Lithium  Hydroxide  Subsystem  Equivalent  Weight 
(No  Credit  for  Water  Production) 
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Figure  58.  Lithium  Hydroxide  Subsystem  Equivalent  Weight 
(Credit  for  Water  Production! 
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Conclusions 


The  lithium  hydroxide  carbon  dioxide  removal  subsystem  whose  charac¬ 
teristics  have  been  presented  in  the  preceding  paragraphs  is  simple  in 
construction  and  control.  Its  rel iabi 1 i ty  has  been  proved  by  use  in  the 
Mercury  capsule  and  numerous  ground  tests.  Handling  problems  might  arise 
from  the  necessity  for  charging  the  canister;  however,  if  this  operation 
is  performed  only  once  a  day,  it  can  hardly  be  considered  to  interfere 
with  other  Crew  activities.  Reactant  storage  can  in  some  cases  present 
difficulties  for  missions  of  long  duration. 

As  the  absorber  is  expendable,  the  system  weight  is  time-dependent. 
This  limits  its  use  to  relatively  short  mission  durations  on  the  order 
of  a  few  weeks.  Because  of  its  simplicity  and  reliability,  the  lithium 
hydroxide  subsystem  is  attractive  as  an  emergency  system  for  long 
duration  vehicles. 

The  water  generated  in  the  absorption  process  is  not  always  a  credit 
to  the  system.  In  vehicles  where,  a  water  excess  is  produced  from  fuel 
cell  power  installation,  for  example,  the  water  supply  is  already  plenti¬ 
ful,  and  the  water  produced  by  carbon  dioxide  removal  can  hardly  be 
treated"  as  a  subsystem  credit. 


CARBON  DIOXIDE  REMOVAL  BY  ALKALI  METAL  SUPEROXIDE  ABSORPTION 
General 


Alkali  metal  superoxides  such  as  potassium  superoxide  and  sodium 
superoxide  act  as  both  carbon  dioxide  absorbents  and  oxygen  sources. 

This  makes  them  very  attractive  for  space  vehicle  usage,  since  it  appears 
to  dispense  with  the  necessity  of  carrying  oxygen  for  breathing  purposes. 
However,  as  oxygen  is  required  for  leakage  makeup,  the  oxygen  produced 
in  the  carbon  dioxide  absorption  reaction  is  not,  in  general,  sufficient 
to  fulfill  all  the  space  vehicle  oxygen  requirements.  In  some  special 
cases  when  no  leakage  occurs,  the  process  is  of  interest. 

The  use  of  such  materials  in  atmospheric  control  is  generally 
similar  to  that  of  lithium  hydroxide  in  that  they  are  packaged  as  granular 
beds  through  which  impure  gas  is  circulated*  Superoxides  are  highly  re¬ 
active,  with  strong  oxidizing  and  alkaline  properties;,  they  appear  to 
provide  for  odor  control  and  sterilization  of  process  air.  Although  this 
factor  makes  such  materials  promising  for  space  vehicle  use,  This 
advantage  is  offset  by  handling  problems  incurred  by  their  chemical 
reactivity. 

In  contrast  to  lithium  hydroxide,  the  superoxides  absorb  both  water 
and  carbon  dioxide;  a  variety  of  reactions  is  possible,  depending  Upon 
operating  conditions.  Possible  reaction  products  include  carbonates, 
bicarbonates,  and  hydroxides,  as  well  as  hydrates  of  these  compounds. 

The  primary  reactions  of  interest,  yielding  the  carbonate  and  bicarbonate, 
are  indicated  below  for  sodium  superoxide* 


(40) 


2  Na02  +  C02 — ►Na9C03  +  |  02  +  2150  Btu/lb  C02 

2  Na02  +  2  C02  +  HgO  — NaHCOj  +  |  02  +  1700  Btu/lb  C02  (41) 

Analogous  reactions  exist  for  potassium  superoxide;  corresponding 
heats  of  reaction  are  1875  Btu  and  1625  Btu  per  lb  of  carbon  dioxide 
absorbed. 

In  the  carbonate  formation  reaction  Oxygen  is  produced  at  the  rate 
Of  1.09  Ib/lb  of  carbon  dioxide,  while  the  bicarbonate  reaction  corresponds 
to  the  production  of  0.545  lb  of  OXygen/lb  of  carbon  dioxide.  It  appears 
possible  to  match  these  two  reactions,  by  proper  control  of  the  process 
air  humidity,  to  yield  the  amount  of  oxygen  necessary  for  respiration 
while  absorbing  the  Carbon  dioxide  produced  in  the  cabin*  Assuming  2.25 
lb  of  carbon  dioxide  is  absorbed  and  2.6  lb  of  Oxygen  is  produced.  Such 
metabol ic  matching  corresponds  to  an  overall  reaction  Of  the  form: 

2  Na02  +  1.227  C02  +  0.227  H20— ►0.773  NagCOj  +  0.454  NaHCO^  +  f  02 

(42) 

The  heat  released  in  this  reaction  is  2048  Btu/lb  of  oxygen;  sodium 
superoxide  expenditure  is  2.29  lb  per  lb  of  oxygen.  The  analogous  reaction 
for  potass > urn  superoxide  would  have  a  heat  release  of  1817  Btu/lb  of  oxygen 
and  a  potassium  superoxide  expenditure  of  2.96  lb  per  lb  of  oxygen.  The 
water  absorbed  in  the  reaction  is  0.0758  lb  per  lb  of  carbon  dioxide  removed. 

As  it  has  not  yet  been  shown  possible  to  achieve  reliability  in 
control,  some  designers  resort  to  the  use  Of  parallel  beds  of  superoxide 
and  lithium  hydroxide,  where  ail  oxygen  required  is  generated  by  the 
superoxide  which  handles  part  of  the  process  air.  The  lithium  hydroxide 
is  then  used  for  partial  carbon  dioxide  removal.  Such  art  arrangement 
is  not  considered  here,  since  it  can  be  shown  that.  Under  the  ideal 
conditions  described  by  the  above  reaction  (Equation  42),  a  Superoxide 
system  is  not  competitive  With  the  simple  lithium  hydroxide  system 
described  previously. 

Test  results  summarized  in  Reference  1  have  shown  that.  With  careful 
bed  design  and  appropriate  control  of  the  process  air  humidity  level, 
Utilization  efficiencies  On  the  order  of  0.90  are  attainable.  Since  the 
purity  of  available  sodium  superoxide  and  potassium  superoxide  is  about 
0.95,  the  consumption  rates  of  these  substances  in  carbon  dioxide  control 
systems  are  5.36  and  6.93  lb  per  man-day  respective! y. 

Subsystem  Characteristics 

I.  Flow  Requ I rements 

The  flow  requirement  is  taken  here  to  be  the  same  as  for  the  lithium 
hydroxide  subsystem.  Small  Variations  id  the  carbon  dioxide  cOncentrat ion 
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at  outlet  will  not  change  the  process  gas  flow  rate  appreciably.  This 
flow  is  plotted  in  Figure  50  as  a  function  of  the  carbon  dioxide  partial 
pressure  in  the  cabin. 

2.  Process  Air  Temperature  Rise 

Based  on  tba  flows  shown  in  Figure  50  and  on  the  assumption  that  all 
the  heat  of  reaction  is  dumped  into  the  process  air  stream,  the  tempera¬ 
ture  rise  of  the  air  flowing  through  the  superoxide  bed  has  been  calculat¬ 
ed  and  is  shown  plotted  in  Figure  59  for  a  sodium  superoxide  and  a 
potassium  superoxide  subsystem.  The  air  temperature  rise  is  much  higher 
(double  for  sodium  superoxide)  than  in  the  case  of  the  lithium  hydroxide 
Subsystem. 

3.  Subsystem  Arrangement 

The  use  of  a  two-bed  arrangement  with  daily  replacement  of  one  charge 
is  considered,  although  this  presents  serious  handling  problems  relative 
to  1 ithium  hydroxide.  The  subsystem  arrangement  is  also  more  complicated 
because  of  the  requirement  for  humidity  control  of  the  process  air  at 
canister  inlet.  A  typical  superoxide  subsystem  is  illustrated  in 
Figure  60. 

Here,  the  water  content  of  the  process  air  is  controlled  by  mixing 
Of  two  air  streams,  one  from  the  cabin  and  the  other  from  the  humidity 
control  subsystem.  The  air.  entering  the  system  is  relatively  cold  under 
these  conditions,  and  some  preheating  might  be  necessary  at  the  start  of 
the  operation. 

A  preheater  is  not  shown  here,  however.  A  catalyst  mixed  with  the 
superoxide  in  the  upstream  portion  of  the  bed  will  initiate  the  reaction, 
and  the  bed  will  be  warmed  up  by  the  heat  released  in  the  reaction. 

4.  Canister  Weight  Optimization 

The  design  problems  for  superoxide  canisters  are  generally  similar 
to  those  mentioned  previously  relative  to  1  ithium  hydroxide ■,  In  addition, 
because  of  the  highly  oxidizing  nature  of  the  superoxides,  stainless 
steel  or  plastic  construction  is  indicated. 

Canister  design  optimization  follows  th®  same  lines  as  for  lithium 
hydroxide.  The  model  expressing  the  canister  weight  is  assumed  here  to 
be  the  same  as  for  lithium  hydroxide.  Using  a  2  to  4  superoxide  mesh 
size  to  reduce  the  tendency  of  the  bed  to  plug  up,  the  equations  derived 
for  lithium  hydroxide  become  for  sodium  superoxide  canisters: 


L  =  1.422  Ni/s,  ft 

(43a) 

W  »  3.423  N*/3,  1b 

(44a) 

AP  =  1.537  x  10*  (^)  H*/3,  lb/ft2 

(45a) 
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C02  PARTiAL  PRESSURE  IN  CABiN,  MM  Hg 

Eigtlre  59.  Process  Air  teMperatura  Rise  through 

Sodium  Siiperox  ide  arid  Potassium  Superoxide 
Canisters 
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Figure:  60.'.,  Alkfti  ?  Me.t«=l  Sup^roxi d&  Subsystem  Schemat  ic  Diagram 


(PL>  =  4.62  x  10*  (^-)  **Ay  watts 

arid  for  potassium'  superoxide  canisters 

(46a) 

IL  =  I.-51  Hf/*,  ft 

(43b) 

y  =  3.871  lb 

(44b) 

AP  =  1.46®  x  Id*  (y$l»*/*,  Tb/ft* 

(45b) 

(PL)  =  3.97  x  10*  (Mp-)  W*/*y  watts 

(46b) 

Figure  61  Shows  the  canister  weight  of  sodium  superoxide 
SUperoXide  bedb  of  opt imom  des  rgn. 

and  potassium 

Since  the  fixed  weight  and  also  the  expendable  superoxide  weight 
of  the  potassium  subsystem  is  considerable  higher  than  that  of  the 
Sodium'  Super oxide  subsystem/  oniy  the  Tatter  wifi  be  considered  in  the 
fof lowing  discussions.  The  only  advantage  of  the  potassium  Superoxide 
is  its  slightly  Tower  canister  pressure  drop  and  heat  rejection  Toad. 
These  two  parameters  account  for  oniy  a  sms it  percentage'  of  the  total 
subsystem  equivalent  weight/  as  will  be  Seen  later. 

3.-  Subsystem  Equivalent  Weight 

The  items  to  consider  in  computing  the  subsystem  equivalent  weight 
ere  discussed  below. 

Hi  Sodium  SUperoXide  Consumption  -  This  has  already  been  given, 
assuming  a  purity  of  0i95  and  a  bed  Utilization  efficiency  of 
o.9o.  using  a  storage  weight  penalty  of  3  per  cent/  the  total 
weight  Of  the  Sodium  superoxide  becomes 

w«.o2  ■  5-5Z  "»  <4,> 

b«  Canister  Weight  -  The  optimum  canister  design  weight  has  bean 
found  jjreviousiy  to  be 

'  W  =  3.423  Hi/s>  lb  (48) 

Accessory  Weight  -  The  Weight  Of  the  accessories  shown  in  the 
schematic  diagram  of  figure  60  is  tabulated  for  a  three-man 
system  in  Table  14.  The  variable  part  of  this  weight  is  taken 
to  be  a  function  of  the  number  of  crew  members.  The  following 
expression  is  an  estimate  of  the  system  hardware  weight,  other 
theh  the  canister. 

WA  -  5.2  *  1.79  sffi,  lb  (49) 
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CANISTER  WEIGHT,  LB 


I  2  3  4  5  6  7  8  910 

NUMBER  OF  CREW  MEMBERS 


Figure  61*  Alkali  Metal  Superoxide  Canister  Weight 
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TABLE  14 


SODIUM  SUPEROXIDE  SUBSYSTEM  ACCESSORY  WEIGHT 


(3-MAN  SYSTEM) 


Componen  t 

Weight,  lb 

Flow  control  valves  (3) 

1.8 

Flow  control ler  (2) 

5.0 

/  x  * 

Sensors  ( 2) 

0.2 

Shutoff  valves  (4) 

1.0 

Piping 

0.3 

Total  Weight:  8.3  lb 

* . 

F i x«d  weight  accessory 


d.  Power  Loss  Penalty  -  The  total  subsystem  power  loss  is  esti¬ 
mated  from  the  canister  pumping  power  loSS  and  the  subsystem 
valves >  piping  and  manifold  losses.  The  weight  equivalent  to 
the  subsystem  power  loss  is  given  by 

Wp  «  PL?  (PP),  lb  (50) 

e.  Heat  Rejection  Penalty  =  Ail  the  heat  of  reaction  generated  in 
the  absorption  of  carbon  dioxide  is  transferred  either  tO  the 
Superoxidte  bed  or  to  the  process  air.  This  heat  is  eventually 
rejected  to  the  vehicle  thermal  management  system,  the  carbon 
dioxide  control  subsystem  must  be  penalized  for  this  heat  load. 
This  penalty  is  Calculated  here  from 


W0  =  (V  (RP)'  lb 

(51) 

where 

=  170.6  N,  Btu/hr 

(52) 

f.  Material  Balance  -  Water  is  consumed  in  the  reaction  at  a  rate 
of  0.1706  lb  per  man-hr.  In  vehicles  Where  a  shortage  of  Water 
exists,  this  constitutes  a  subsystem  Weight  penalty  which  can 
be  calculated  by 

W^q  =  0.185  Nt,  lb 
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(53) 


assuming  an  8.5  per  cent  storage  weight  penalty.  On  the  other  hand, 
oxygen  is  produced  by  the  reaction  at  a  rate  of  2.0  ]b  per  man-day, 
assuming  the  condi t ions  for  Equation  42  are  satisfied.  Considering 
a  storage  weight  penalty  of  1.14  lb  per  lb  (Reference:  Section  IV 
of  this  report),  the  system  is  credited  by 


Wft  =  2.28  Nr,  lb  (54) 

U2 

The  total  subsystem  equivalent  weight  is  the  sum  of  the  above  terms 
and  is  expressed  by 

"-•  i'/s  , — 

W£  =  3.262  Nr  +  3.423  N  +  5.2  +  1.79  Jn  +  (PL)T  (PP)  +  170  N  (RP) 

(55) 

Equation  55  has  baen  solved  for  a  typical  set  Of  conditions  defined 
by  the  following  data  assumptions: 

Cabin  pressure:  10  psia 

Carbon  dioxide  partial  pressure  in  the  cabin:  7.6  mm  Hg 
Vehicle  heat  rejection  penalty:  10  per  cent  Of  the  vehicle 
power  penalty  in  lb  per  watt 

Pressure  losses  through  the  system  Other  than  NaO-  bed 
loss:  0.8  Vn7  in  H£0 

Accessory  weight:  (5.2  +  1.79  lb 

Figure  62  is  a  plot  of  the  sodium  superoxide  subsystem  equivalent 
weight  as  a  function  of  time.  Number  of  crew  members  considered  is 
from  1  to  5.  In  Figure  62,  the  system  was  assumed  not  penalized  for 
the  water  consumed  nor  credited  for  the  oxygen  produced  while  re¬ 
moving  the  carbon  dioxide.  The  plots  were  prepared  for  vehicle 
powp.f  penalties  of  0.1  and  0.4  lb  per  watt.  The  same  parameters  are 
plotted  in  Figure  63  when  the  system  is  credited  for  oxygen  and 
penalized  for  Water;  here  the  vehicle  power  penalty  is  0.  i  lb  per 
watt. 

Conclusions 


Although  oxygen  is  produced  by  the  superoxide  While  carbon  dioxide  is 
removed,  the  rate  of  oxygen  production  is  hot  sufficient  to  supply  the  vehicle 
breathing  and  leakage  gas.  As  ah  additional  oxygen  supply  must  be  provided 
aboard  the  Vehicle  for  cabin  pressurization,  the  gas  supply  subsystem  is  in 
no  Way  simplified  by  the  use  of  superoxides  for  carbon  dioxide  removal. 

Siiperoxide  carbon  dioxide  removal  systems  have  been  tested  and  shown 
applicable  to  space  Vehicles;  however,  they  have  a  tendency  to  form  a  hygro¬ 
scopic  hydroxide  under  certain  conditions.  This  tends  to  plug  the  bed.  The 
Control  problems  associated  With  their  use  have  hot  yet  been  solved  completely. 
Usually,  a  lithium  hydroxide  bed  is  Used  in  paraltei  With  the  superoxide  bed 
to  insure  complete  carbon  dioxide  removal.  This,  however >  adds  to  the  system 
control  complexity  and  Weight* 
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equivalent  weight,  lb 


Figure  62.  Sodium  Superoxide  Subsystem  Equivalent  Weight 
(No  Credit  for  Oxygen  Production) 
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Figure  63.  Sodium  Superoxide  Subsystem  Equivalent  Weight 
(Credited  for  Oxygen  Production) 
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Handling  of  the  sodium  superoxide  charges  is  more  of  a  problem  than  in 
the  case  of  the  lithium  hydroxide. 

Like  the  lithium  hydroxide,  the  sodium  superoxide  subsystem  weight  is 
time-dependent,  and  its  application  limited  to  relatively  short  mission  dur¬ 
ations.  The  system,  however,  is  attractive  for  use  in  emergency  situations 
because  of  its  capacity  for  supplying  oxygen.  Superoxide  subsystems  might 
prove  more  reliable  than  lithium  hydroxide  for  this  application. 

The  water  absorbed  by  the  reaction  might  not  be  a  penalty' to  the  sub¬ 
system,  where  excess  water  is  produced  aboard  the  vehicle;  this  would  occur 
if  a  fuel  cell  were  used  for  power  generation. 

Lithium  hydroxide  and  sodium  superoxide  subsystems  are  comparable  on 
a  mission  duration  basis.  Figure  64  shows  such  a  comparison  for  a  3-man 
system,  a  cabin  pressure  of  10  psia,  and  a  cabin  carbon  dioxide  partial 
pressure  of  7.6  mm  Hg.  This  plot  shows  that  even  in  the  case  when  the 
sodium  superoxide  subsystem  is  credited  for  the  oxygen  produced,  it  is 
still  much  heavier  than  the  lithium  hydroxide  subsystem* 

CARBON  DIOXIDE  REMOVAL  BY  MOLECULAR  SIEVE 

General 


Carbon  dioxide  removal  by  the  use  of  regenerable  solid  adsorbents  is 
a  means  of  obtaining  low  environmental  control  system  weight  in  moderate- 
to-long  duration  applications.  Materials  considered  suitable  for  this  use 
include  silica  gel,  activated  alumina,  and  synthetic  zeolites.  The  synthetic 
zeolites  are  most  promising  for  space  vehicle  use  and  are  the  subject  of 
consideration  here.  For  ease  of  discussion,  reference  is  made  only  to 
"Molecular  Sieves"  manufactured  by  Linde,  although  other  manufacturers 
produce  equally  satisfactory  materials.  "Microtraps"  by  Davison  Chemicals 
are  another  example. 


Present  regenerable  carbon  dioxide  adsorbents  also  adsorb  water;  their 
affinity  for  water  is  considerably  greater  than  for  carbon  dioxide.  Thus, 
in  adsorption,  water  will  be  picked  up  in  preference  to  carbon  dioxide,  dis¬ 
placing  carbon  dioxide  previously  adsorbed  if  necessary.  The  capacity  of  the 
zeolites  for  water  adsorption  is  shown  in  Figure  33. 


Molecular  sieves  require  temperatures  on  the  order  of  400  to  600°F  for 
the  desorption  of  water.  This  in  itself  prohibits  their  use  for  gas  drying 
aboard  space  vehicles.  Their  greater  affinity  for  water  than  for  carbon 
dioxide  also  establishes  a  requirement  for  drying  the  process  gas  to  a  very 
low  dew  point  if  they  are  to  be  used  for  carbon  dioxide  removal.  Silica  gel 
is  commonly  used  to  dry  the  gas.  Very  low  dew  points  are  attainable  by  care¬ 
ful  desiccant  bed  design,  and  silica  gel  can  be  regenerated  by  purging  it 
with  dry  air  at  temperatures  of  approximately  250°F. 


The  carbon 
vacuum  wi th  the 
is  required  for 


dioxide  adsorbents  can  be  regenerated  by  application  of. a 
bed  at  ordinary  temperatures.  A  vacuum  less  than  50  microns 
desorption  at  reasonable  rates.  In  practice,  it  will  not 
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Figure  64.  Carbon  Dioxide  Absorption  Subsystem  Comparison 

1 26 


usually  be  practical  to  coffipletel y  desorb  the  bed,  because  of  the  time  this 
process  requires.  As  a  consequence,  there  will  be  an  initial  carbon  dioxide 
loading  at  the  start  of  the  adsorption  cycle.  This  must  be  taken  into  account 
in  bed  des ign. 

Figure  65  shows  the  comparative  carbon  dioxide  adsorption  capacity  of 
molecular  sieves  at  a  temperature  of  77°F.  Other  adsorbing  materials  also 
are  shown.  The  temperature  at  which  the  adsorption  process  takes  place  has 
a  marked  effect  on  the  molecular  sieve  loading  capacity;  this  is  shown  in 
Figure  66,  where  the  isothermal  adsorption  equi 1 ibr ium  capacity  of  molecular 
sieve  Type  5A  at  various  temperature  levels  is  given. 

Under  dynamic  adsorption  conditions  in  an  adsorber  bed,  the  usable  capa¬ 
city  is  substantially  less  than  the  values  given  by  the  equilibrium  curves. 

A  large  number  of  variables  influence  performance.  These  include  superficial 
velocity,  carbon  dioxide  partial  pressure,  temperature,  bed  lengthy  particle 
size,  and  process  gas  composition. 


Carbon  Dioxide  Removal  System  Description 


Figure  67  shows  a  typical  regenerable  removal  system  configuration.  To 
avoid  poisoning  the  carbon  dioxide  adsorbent  with  water  vapor,  the  process 
Biv  is  first  dried  to  an  extremely  low  dew  point  in  a  desiccant  canister. 
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perature,  and  the  air  is  cooled  prior  to  entering  an  adsorber  where  the  car¬ 
bon  dioxide  is  removed.  The  process  air  is  reheated  in  the  recuperative  heat 
exchanger  and  is  additionally  heated  by  the  compressor  and  an  electric  heater 
before  entering  the  desiccant  bed  being  regenerated.  The  carbon  dioxide 
adsorbent  is  regenerated  by  application  of  a  high  vacuum. 


The  main  internal  design  trade-off  associated  with  the  regeneration 
cycle  of  the  desiccant  beds  involves  the  cycle  time  and  purge  gas  temperature 
level.  For  example,  using  silica  gel  as  the  desiccant/  the  desorption  time 
Will  be  approximately  75  per  cent  of  the  adsorption  time,  using  a  purge  gas 
temperature  of  250°F.  For  a  higher  gas  temperature,  the  desorption  time  will 
be  shorter  and/  conversely,  for  a  lower  temperature,  the  desorption  time  will 
be  longer.  It  is  not  necessary  to  completely  desorb  the  desiccant  bed  with 
every  cycle.  As  a  means  of  reducing  the  power  requirements;  the  desiccant 
bed  can  be  partially  desorbed  for  a  number  of  cycles  with  periodic  complete 
desorption  at  a  higher  temperature  level.  This  Will  be  reflected  in  a  some¬ 
what  increased  fixed  weight.  Many  other  trade-offs  between  power  and  fixed 
weight  are  to  be  found  in  the  design  of  regenerate  systems.  The  recupera¬ 
tive  heat  exchanger  provides  utilization  of  the  heat  stored  in  a  freshly 
regenerated  bed  for  regeneration  of  the  bed  being  desorbed.  Also/  most  of 
the  heat  of  adsorption  is  recovered  for  the  desorption  of  the  saturated' bed. 

Figure  68  shows  a  modification  of  the  previous  system  in  which  Waste 
heat  is  Used  for  desorption  of  the  desiccant  as  a  means  of  reducing  the 
electrical  power  input  to  the  system.  The  temperature  ievei  for  the  Waste 
heat  will  be  ah  important  parameter  in  system  design.  If  the  cabin  air  is 
pre-coo led  to  a  sufficiently  low  value,  the  heat  exchanger  Will  hot  be  |-e- 
qU  ited. 
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LB  OF  CO,  ABSORBED  PER  100  LB  OF  DRY  ADSORBENT 


Figure  65.  Comparison  Of  Adsorption  Capacity  of 

Three  Types  of  Molecular  Sieves  at  77°F 
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Figure  6.7.  Typical  Regenerabl e  Adsorbent  Carbon  Dioxide 
Removal  Subsystem  (No  Waste.  Heat  Recovery) 


Figure  68.  Typical  Regenerate  Adsorbent  Carbon  Dioxide 
Removal  Subsystem  (With  Waste  Heat  Recovery) 


Subsystem  Characteristics 


1.  Flow  Requ i remen t 

The  flow  is  determined  on  the  assumption  of  complete  removal  of  the 
carbon  dioxide  present  in  the  process  air  at  subsystem  inlet.  This  flow, 
based  on  a  carbon  dioxide  removal  rate  of  2.25  lb  per  man-day,  is  shown 
in  Figure  69  as  a  function  of  the  carbon  dioxide  partial  pressure  and  the 
cabin  total  pressure. 

The  amount  of  water  to  be  removed  in  the  desiccant  bed,  assuming  com¬ 
plete  removal  of  the  water,  is  plotted  in  Figure  70  for  a  dew  point  temper¬ 
ature  at  bed  inlet  of  45°F.  The  heat  released  in  the  adsorption  process  is 
shown  in  Figure  71.  These  two  parameters,  water  adsorbed  and  heat  load,  are 
not  functions  of  the  cabin  pressure  but  depend  on  the  carbon  dioxide  partial 
pressure  and  on  the  process  gas  dew  point. 

2.  Air  Temperature  Rise  Through  the  Desiccant  Bed 

The  heat  and  mass  transfer  processes  taking  place  within  the  silica 
gel  bed  are  very  complex.  At  the  beginning  of  the  adsorption  process, 
assuming  the  bed  is  cold,  the  face  of  the  bed  will  be  heated  by  the  heat  of 
adsorption.  Some  of  this  heat  will  be  entrained  downstream  by  the  process 
air  warming  the  rest  of  the  bed.  As  the  adsorption  front  moves  downstream, 
the  face  of  the  bed,  which  is  then  saturated  at  some  equilibrium  temperature, 
will  be  cooled  by  the  cold  incoming  air.  Its  capacity  thus  increases,  and 
it  adsorbs  more  moisture.  At  the  end  of  the  bed  cycling  period,  the  front 
portion  of  the  bed  will  be  relatively  cold  while  the  back  portion  will  be 
warm.  The  same  phenomenon  will  take  place  if  the  bed  is  warm  at  the  begin¬ 
ning  of  the  adsorption  period.  In  this  case,  however,  the  bed  is  cooled 
somewhat  by  the  process  air  to  a  temperature  at  which  it  can  adsorb  water 
at  the  partial  pressure  present  in  the  process  air. 

Since  at  the  end  of  the  adsorption  cycle  most  of  the  bed  is  at  the 
inlet  air  temperature,  only  the  downstream  end  being  warm,  the  greatest 
part  of  the  heat  of  adsorption  is  dumped  into  the  air  stream.  In  Figure 
72  is  plotted  the  process  air  temperature  rise,  assuming  all  the  heat  of 
adsorption  is  rejected  to  it  at  a  constant  rate. 

Since  the  curve  was  plotted  for  a  constant  inlet  dew  point  of  45°F, 
the  temperature  rise  is  the  same  for  all  values  of  the  carbon  dioxide 
partial  pressure  in  the  cabin,  although  the  air  flow  through  the  subsystem 
varies  with  this  pressure. 

Only  steady-state  conditions  are  considered  here.  It  should  be  noted 
that  If  the  bed  temperature  is  250°F  at  the  start  of  the  adsorption  period, 
the  air  temperature  at  bed  outlet  would  approach  the  bed  temperature.  Since 
the  adsorption  efficiency  of  the  warm  bed  is  very  poor,  most  of  the  water 
Vapor  present  in  the  incoming  air  will  not  be  adsorbed  until  the  bed  is 
sufficiently  cooled;  soon,  poisoning  of  the  molecular  sieve  beds  will  occur. 
Therefore,  the  heat  stored  during  desorption  of  the  silica  gel  bed  should  be 
removed  after  each  cycle. 


132 


Figure  69.  Flow  Requirement  Through  the 
Mo 1 ecu  la r  Sieve  Subsystem 
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Figure  70*  Water  Vapor  Flow  to  the  Carbon  Dioxide 
Management  Subsystem 


Figure  71*  Heat  Rejection  Load  from  Water  Adsorption 
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TEMPERATURE  RISE 


Figure  12.  Process  Air  Temperature  Rise  Across 
Desiccant  Bed 
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Silica  Gel  Canister  Design 


The  silica  gel  bed  utilization  efficiency  depends  on  the  silica  gel 
particle  size,  on  the  process  air  superficial  velocity,  and  on  the  actual 
bed  dimensions.  However,  for  reasonable  canister  dimensions  and  air 
superficial  velocities  yielding  acceptable  pressure  drops,  the  bed  utili¬ 
zation  efficiency  based  on  the  equilibrium  capacity  shown  in  Figure  33  is 
on  the  order  of  30  per  cent.  This  value  was  obtained  from  calculations 
performed  assuming  isothermal  adsorption  and  outlet  dew  point  temperatures 
on  the  order  of  -70°F.  The  particle  mesh  size  used  in  the  calculations  was 
6  to  10. 

Using  this  value  of  the  bed  utilization  efficiency,  an  estimate  of  the 
silica  gel  bed  canister  weight  was  made  for  the  purpose  of  system 
characterization.  The  following  assumptions  were  used  in  the  computations: 

a.  The  canister  is  assumed  to  be  cylindrical.  The  wall  of  the  cyl~ 
inder  is  0.050  in*  thick  and  the  circular  ends  0.125  in.  The 
canister  material  is  aluminum.  Using  this  model,  the  weight  of 
the  canister  is  expressed  by 

W£  =  3.6Ap  +  2.553  n/a^  L  (56) 

b.  The  pressure  drop  through  the  canister  is  taken  as  a  function  of 
the  number  of  crew  members  and  equal  to 


AP  =  0.7  +  0.3N,  in  H*0 


(57) 


c.  The  canister  length  is  calculated  from  the  equation: 


AP  =  4f 


G2  L_ 
2gp  Dp 


(58) 


where  . 


(59) 


d.  The  temperature  of  the  process  air  is  taken  as  average  between 
bed  inlet  and  bed  outlet.  The  air  temperature  rise  of  Figure  72 
is  used  here. 


e.  The  adsorption-desorption  cycle  is  taken  as  one  hour. 

f.  The  calculations  were  performed  for  a  silica  gel  particle  mesh 
size  of  8  to  10. 

The  reshits  of  these  computations  are  given  in  Figures  73  and  74, 
where  the  silica  gel  charge  weight  and  the  canister  weight  are  plotted  as 
a  function  of  the  system  pressure  for  three  values  of  the  carbon  dioxide 
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-Figure  73.  Silica  Gel  Charge  Weight  for  Process  Air  Drying 
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Figure  74.  Desiccant  Bed  Canister  Weight 
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partial  pressure  in  the  cabin:  7.6,  5.7,  and  3.8  mm  Hg.  The  canister 
weight  is  given  for  a  number  of  crew  members  from  I  to  5.  The  weight  of 
the  canister  varies  between  30  and  50  per  cent  of  the  silica  gel  weight, 
depending  on  the  amount  of  silica  gel  contained.  The  silica  gel  weight 
is  plotted  in  Figure  73  as  a  function  of  the  cabin  pressure  and  the  carbon 
dioxide  partial  pressure  in  the  cabin. 

Based  on  the  above  assumptions,  the  power  loss  incurred  for  pumping 
the  process  air  through  one  bed  during  the  adsorption  cycle  is  plotted  in 
Figure  75.  Here  the  compressor-motor  efficiency  is  taken  as  30  per  cent* 
During  desorption,  the  friction  power  loss  in  the  canister  is  about  1.8  to 
2.0  times  as  large  because  of  the  higher  process  air  temperature. 

4.  Recuperator  Optimization 

The  recuperative  heat  exchanger  shown  In  the  diagram  of  Figure  6f  can 
in  some  operating  conditions  be  used  as  a  means  of  reducing  the  power  nec¬ 
essary  to  heat  the  process  air  to  the  temperature  required  for  bed 
desorption.  While  heat  is  transferred  from  the  air  leaving  the  adsorbing 
bed  to  the  relatively  cold  air  from  the  molecular  sieve,  the  load  on  the 
cooler  is  also  reduced;  the  recuperator,  therefore,  has  a  dual  function. 
The  power  saved  by  the  recuperator  is  especially  large  when  the  bed  is  hot 
cooled  after  desorption*  In  this  case,  the  heat  stored  in  the  bed  at  the 
end  Of  the  desorption  cycle  is  used  over  again  for  desorption  Of  the  other 
bed. 

A  trade-off  study  between  power  saving,  cooling  load  reduction,  and 
heat  exchanger  Weight  Was  conducted  to  determine  the  optimum  recuperator 
size  and  effectiveness.  The  weight  of  the  exchanger  and  the  pressure  drop 
Were  estimated  by  the  method  derived  in  Reference  ( .  The  heat  transfer 
surface  used  in  the  study  is  defined  as  follows: 

Construction:  Plate  fin,'  same  fin  Oh  both  sides 

Fin  type:  Rectangular 

dumber  of  fins:  16  fins  per  in. 

Fin  dimensions:  0.153  («.-  high/  1/7  inu  offset/  0.004  Irt.  thick 

Material:  AlUmlhUni 

The  system  equivalent  Weight  saving  due  to  the  Use  of  the  regenerator 
obviously  depends  on  the  vehicle  power  penalty  ( PP)  arid  cooling  load  pen¬ 
alty  ( RP) .  For  the  purpose  of  system  chafacteri zati oh/  these  parameters 
were  taken  as  ( PP)  =  0.200  ib  per  Watt  of  power  and  (RP)  =  0.0200  lb  per 
watt  of  cooling. 


Figure  75s  Fewer  Loss  Through  Silica  t»ei  Canister 
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The  power  reduction  due  to  the  recuperator  is  expressed  for  a  one-man 
system  by 


„„  w  0.24 

PS  *  ^max  i?  x  3TTT7  v  warts 


(60) 


where  e  is  the  heat  exchanger  effectiveness 

AT  is  the  temperature  difference  between  the  hot  and  cold  streams 

maX  at  inlet.  AT  obtained  from  Figures  72  and  77.  assuming  the  air 
max  . 

temperature  at  silica  gel  bed  inlet  is  45°F,  and  at  molecular  sieve 

bed  inlet,  5O0F 

w  is  the  air  flow  from  Figure  <59 

The  coding  load  reduction,  QRS,  also  is  expressed  by  the  same 
equat ion. 

The  equivalent  system  weight  saving  for  any  operating  conditions  can 
be  written  as 

WE  “  WHX  “  PS  ^PP^  "  V  ^RP)  C  6  f ) 

Calculations  of  heat  exchanger  weight  and  system  penalties  show  that 
in  the  range  of  conditions  considered  here  and  for  the  penalties  defined 
above,  the  optimum  recuperator  effectiveness  is  about  0.82.  The  system 
equivalent  weight  saving  per  man  is  shown  plotted  in  Figure  76.  Also  shown 
in  Figure  76  are  the  cooling  load  reduction  and  the  heater  power  savings 
for  optimum  system  weight.  It  should  be  emphasized  that  these  calculations 
were  performed  for  steady-state  operation  or  average  conditions,  when  the 
bed  is  cooled  after  desorption. 

5.  Air  Temperature  Rise  in  the  Molecular  Sieve  Bed 

The  air  temperature  rise  in  the  molecular  sieve  bed  was  calculated  in 
the  same  manner  as  for  the  silica  gel  bed.  The  carbon  dioxide  removal  rate 
Was  taken  as  2*25  lb  per  man-day,  and  it  Was  assumed  that  the  heat  released 
in  the  adsorption  process  was  entirely  dumped  into:  the  air.  The  results  of 
these  Calculations  are  shown  in  Figure  77, 

6.  Molecular  Sieve  Canister  Design 


T/he  characteristics  of  the  molecular  sieVe  canisters  were  determined 
in  the  same  manner  as  for  the  desiccant  canisters.  Here  the  basic  design 
assumptions  are  as  follows: 

Molecular  sieve  type:  5A 

Bed  utilization  efficiency:  0.30 
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C02  PARTIAL  PRESSURE  IN  CABIN,  MH  Hg 

\ 

Figure  77.  Process  Air  Temperature  Rise  Across  the 
Molecular  Stave  Bed 
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Particle  mesh  sire:  8  to  10 


Cycling  time;  30  minutes 

Canister  weight:  =  3.6  Ap  +  2.553  sf Ap  L  (62) 

(Reference;  Equation  5 &). 

Pressure  drop  through  the  bed; 

AP  =  0.9  +  0.3  N,  in.  H20  (63) 

The  significant  results  of  the  computations  performed,  based  On  the 
abOve  assumptions,  are  shown  in  Figures  78,  79,  and:  80,  in  which  the  molec¬ 
ular  sieve  material  weight,  canister  weight,  and  pumping  power  losses  are 
plotted  against  the  system  pressure  for  three  values  of  the  carbon  dioxide 
partial  pressure  in  the  process  air;  7.6,  5.7,  and  3.8  mm  ffg.  These  para¬ 
meters  are  only  slightly  dependent  on  the  carbon  dioxide  concentration  in 
the  a i r  st  ream. 

7.  Subsystem  Power  Requirement 

For  space  vehicle  applications,  it  is  important  to  minimize  the  power 
consumption  Of  Various  systems  because  of  the  high  weight  penalties  asso¬ 
ciated  with  power  extraction.  In  the  regenerable  Carbon  dioxide  removal 
system  under  consideration,  electrical  power  is  used  to  provide  gas  cir¬ 
culation  and  gas  heating  for  desiccant  bed  desorption.  The  power  input  to 
the  compressor  Wiil  appear  as  a  temperature  rise  in  the  gas  flow.  Thus, 
the  compressor  power  input  represents  a  direct  contribution  to  desiccant 
bed  desorption,  in  the  arrangements  shown  in  Figures  67  and  68.  For  the 
desiccant  bed  its  undergo  desorption  in  a  period  shorter  than  the  adsorption 
cycle,  the  process  gas  must  be  heated  to  a  temperature  of  250®F  before  it 
enters  the  desiccant  canister  being  desorbed.  The  power  required  for  this 
process  Will  determine  the  power  input  to  the  system.  From  the  temperature 
effects  previously  calculated  for  the  adsorbent  beds,  the  total  power  input 
required  to  provide  desiccant  bed  desorption  can  be  calculated.'  This  is 
shown  in  Figure  81  as  a  function  of  the  cabin  pressure  for  three  different 
Values  of  the  carbon  dioxide  Concent  rat  ion  in  the  cabin,  Here  it  is 
assumed  that  the  silica  gel  bed  is  cooled  after  desorption  and  that  the 
temperatures  at  silica  gel  bed  irtlfet  and  molecular  sieve  bed  inlet  are  45*F 
and  50°F ,  respect i Vely.  A  large  portion  of  this  power  is  Used  to  d ri Ve  the 
compressor, 

8,  Heat  Rejection  Load 

Throughout  the  carbon  dioxide  removal  system,  heat  is  transferred  from 
the  adsbrptibn  beds  to  the  alt  stream  and  inversely;  Heat  also  is  exchanged 
in  the  recuperator,  compressor,  and  heater  elements  A  complete  analysis  of 
the  heat  transfer  in  the  circuit  is  very  complex;  for  the  purpose  of  system 
evaluation,  heat  Is  assumed  to  appear  in  the  system  at  three  locations  of 
interest  only: 

as  in  the  cooler,  upstream  of  the  mol etuiar  sieve  bed,  whore  heat  is 
rejected  from  the  process  air  to  the  vehicle  tooling  loops  Here 
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figure  76,  Molecular  Sieve  Weight  for  Carbon  Dioxide  Removal 
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Figure  79.  Molecular  Sieve  Bed  Canister  Weight 
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PUMPING  POWER  LOSS,  WATTS 


Figure  80.  Molecular  Sieve  Bed  Pumping  Power  Losses 
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CABIN  PRESSURE,  PSIA 

Figure  81.  Holecuier  Sieve  System  Power  Requirement 
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it  is  assumed  that  the  air  temperature  at  bed  inlet  is  kept  at  a 
temperature  of  50CF;  the  recuperator  optimum  effectiveness  for  a 
vehicle  power  penalty  of  0.2  lb  per  watt  was  found  to  be  0.82.  a 
Under  these  conditions,  the  heat  rejected  to  the  vehicle  cooling 
system  is  plotted  in  Figure  82. 

b.  Heat  is  entrained  by  the  process  air  exhausting  from  the  system; 

this  heat  appears  somewhere  in  the  thermal  balance  of  the  vehicle,  ' 

and  is  considered  here  as  a  system  penalty.  The  average  value  I 

of  this  heat  load  is  plotted  in  Figure  82.  j 

C.  To  prevent  molecular  sieve  bed  poisoning  by  entrained  water,  the  1 

siiica  gel  beds  are  cooled  before  the  adsorption  cycle.  The  ; 

beds  are  not  cooled  during  the  adsorption  process,  since  the 
heat  of  adsorption  is  partly  recovered  in  the  recuperator,  thus 
reducing  the  system  power  requirement.  This  is  achieved  at  the 
cost  of  a  slight  fixed  weight  penalty.  The  heat  rejected  to  \ 

the  vehicle  cooling  loop  for  bed  cooling  is  calculated  based  on 
an  initial  bed  temperature  of  250°F  and  a  final  temperature  of 
70°F.  It  is  plotted  in  Figure  82. 

9.  Subsystem  Equivalent  Weight 

The  subsystem  equivalent  weight  is  made  up  of  the  subsystem  hardware 
weight  and  the  various  penalties  or  credits  associated  with  material  bal¬ 
ance,  power  requirements,  heat  rejection  load,  and  heat  sink  potential  of 
the  subsystem.  In  the  case  of  the  molecular  sieve  subsystem,  the  total 
equivalent  weight  is  expressed  by 

WE  =  WH  +  (PR)(PP)  +  (QR)(RP)  (64) 

W  is  the  hardware  weight  including  all  the  subsystem  components. 

This  weight  can  be  estimated  from  the  data  presented  in  this  section  and 
from  the  weight  of  the  accessories.  The  accessory  weight  of  the  subsystem 
depicted  in  Figure  17  is  listed  in  Table  15  for  a  three-man  subsystem.  It 
is  here,  for  the  purpose  of  system  evaluation,  assumed  to  be  a  function  of 
the  number  of  crew  members  and  is  written  as 

WA  =  6.1  +  6.29  n/n  (65) 

The  system  hardware  weight  is  plotted  in  Figure  83.  | 

I 

The  total  equivalent  weight  depends  on  the  vehicle  power  penalty  and  1 

heat  rejection  penalties.  Figure  84  i s  a  plot  of  the  total  system  weight  ' 

for  power  penalties  of  0.1  and  0.4  Ib/watt;  the  heat  rejection  penalty  is  i 

here  taken  as  one  tenth  of  the  power  penalty.  The  plot  has  been  prepared  ' 

for  a  carbon  dioxide  partial  pressure  of  7.6  mm  Hg.  The  equivalent  weight  j 

for  other  values  of  the  power  penalty  or  other  values  of  the  carbon  dioxide 
partial  pressure  is  easily  obtained  from  the  data  presented  in  this  section. 
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Figure  82.  Molecular  Sieve  System  Heat  Rejection  Loads 


! 


I 


150 


s 


WEIGHT,  LB  WEIGHT,  LB 


5  10  15 

CABIN  PRESSURE,  PSIA 

Figure  83.  Mol  ecu! a i  Sieve  Subsystem  Hardware  Weight 
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Flglirc  84.  Molecular  Sieve  Subsystem  fccjti I valfcht  Weight 
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TABLE  15 

MOLECULAR  SIEVE  SUBSYSTEM  ACCESSORY'  WEIGHT 
(3-MAIT  SYSTEM) 


Component 

Weight,  lb 

Desiccant  loop  check  Valves  (4) 

0.6' 

Desiccant  loop'  control  Valves  (4) 

1.0 

Molecular  sieve  loop'  check  Val  ves  (4) 

1.2 

Molecular  sieve  loop  control  ValVes  (&}* 

2.8 

Valve  actuator  and  drive 

3.0 

DUct  s 

1.8 

Flow  control  Valve 

6.5 

Sensor  (not  shown) 

0.1 

Flow  controller  (not  shown) 

2.5 

Heater  control 

0.5 

£ 

Fan  and  motor  drive 

2.8 

Total  Weight :  17.0 

J, 

Doubled  for  redundancy 
**Flxed  Weight  component 


Conclusions 


The  analyses  conducted  in.  this  section  are  based  on  steady-state 
operation  of  the  molecular  sieve  system.  Actual  systems  will  be  in  a 
continual  transient  state:  process  ai r  temperatures,  heat  rejection  loads, 
and  power  requirement  will  vary  all  through  the  cycling  period.  A  compre¬ 
hensive  analysis  of  the  transients  in  a  loop  such  as  the  one  of  Figure  67 
is  very  complex  and  would  require  extensive  use  of  computer  techniques. 
Moreover,  the  characteristics  of  the  adsorption  and  desorption  beds  under 
non-i sothermal  conditions  are  not  well  known  at  the  present  time,  and 
considerable  work  in  this  area  is  required  before  a  thorough  system  anal¬ 
ysis  can  be  performed.  However,  the  results  presented  here  are  based  on 
overall  performance  and  provide  relatively  accurate  values  for  system 
evaluation  and  comparison. 

A  carbon  dioxide  removal  system  using  a  molecular  sieve  is  fairly 
complex.  Cyclic  operation  of  the  14  valves  shown  introduces  a  reliability 
problem  which  can  be  solved  only  by  extensive  testing  of  such  a  system. 

In  practice,  the  valves  isolating  the  system  from  the  vacuum  would  be 
doubled  to  reduce  the  rate  of  leakage  and  the  possibility  of  system  failure. 


Deterioration  of  the  adsorption  bed  after  a  number  of  cycles  may  be 
remedied  by  bed  replacement  during  the  mission.  Possibility  of  molecular 
sieve  bed  poisoning  also  indicates  the  desirability  of  carrying  spare 
adsorption  canisters  aboard  the  vehicle.  Provision  also  should  be  made 
for  heating  the  beds  to  high  temperature. 

Carbon  dioxide  removal  by  molecular  sieves  is  suitable  for  moderate 
to  long  mission  durations.  Although  the  system  equivalent  weight  is  not 
time-dependent,  system  reliability  for  long  durations  would  necessitate 
some  weight  increase  as  discussed  before.  The  system  power  requirement 
is  high,  and  the  total  system  equivalent  weight  is  sensitive  to  the 
Vehicle  power  source  weight. 

For  a  typical  case,  the  duration  of  the  mission  in  which  a  molecule- 
sieve  system  instead  of  an  expendable  lithium  hydroxide  system  would  be 
used  can  be  found  from  the  equivalent  weight  plots  of  Figures  57,  58,  and 
84.  The  break-even  point  between  the  two  systems  depends  primarily  on  the 
power  consumption  of  the  molecular  sieve  subsystem  and  on  the  Vehicle 
power  penalty.  Vehicle  parameters  affecting  these  variables  will  greatly 
influence  the  field  of  application  of  these  two  carbon  dioxide  removal 
subsystems.  Figure  85  i s  an  estimate  of  the  mission  duration  where  the 
two  subsystems  have  the  same  equivalent  Weight.  The  plot  Was  prepared  for 
tWo  values  of  the  vehicle  power  penalty,  0.1  and  0.4  lb  per  Watt,  and  a 
three-man  vehicle.  The  lithium  hydroxide  subsystem  is  credited  for  the 
Water  of  reaction. 

It  should  be  emphasized  that  other  considerations,  such  as  state  of 
the  art  and  reliability,  Would  favor  the  lithium  hydroxide  subsystem  and 
shift  Upward  the  plots  of  Figure  85. 
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MISSION  DURATION,  DAYS 


CARBON  DIOXIDE  REMOVAL  BY  FREEZE-OUT  PROCESS 
General 

Carbon  dioxide  removal  by  freeze-out  technique  has  been-  t-he  subject  of 
an  extensive  study  conducted  recently  and  reported  in  Reference  4.  The 
study  shows  that,  for  space  vehicle  applications,-  the  most  attractive 
freeze-out  system  is  one  in-  which  both  the  water  entrained  by  the  process 
gas  and  the  carbon  dioxide  are  removed  by  freezing ;  subsequently,  the 
solids  are  sublimated  to  vacuum  and  the  heat  of  sublimation  recovered  in 
a-  regenerative  manner  to  cool  the  incoming;  gas.  Such  a  system  is  shown  in 
Figure  86. 

While  the  process  gas  is  cooled  in  a  heat  exchanger,  water  vapor  is 
successively  condensed  and*  frozen;  the  ice  formed  adheres  to  the  heat  ex¬ 
changer  surface.  This  process  takes  place  over  a  whole  section  of  the  heat 
exchanger,-  the  freezing  front  moving;  downstream  as  ice  deposits  on  the  cold 
surface.  Essentially,  complete  removal  of  the  water  necessitates  Cooling 
Of  the  process  gas  to  temperatures  on  the  order  of  360 Freezing1  of  the 
Carbon  dioxide  occurs  at  a  much  lower  temperature,  depending  on  the  Carbon 
dioxide  partial:  pressure  in  the  process  gas.  fa  the  range  of  partial  pres¬ 
sures  encountered  in  space  vehicle  atmospheres.  Carbon  dioxide  Will  freeze 
at  about  270°R.  Removal  is  practically  total  at  temperatures  on  the  order 
of  230 ®R. 

The  heat  sink  required  to  pull  the  temperature  of  the  process  air  to 
these  low  levels  is,  therefore,  well  defined.  If  the  heat  sink  i s  provided 
by  the  oxygen  and  nitrogen  stored  in  Cryogenic  form  for  breathing  and  cabin 
pressurization,  supercritical  techniques  cannot  be  used  for  storing  the 
gases.  Figure  87  is  a  plot  of  the  oxygen  temperature  in  a  supercritical 
Vessel  for  constant  pressure  Operation,  and  Figure  88,  a  pressure-enthalpy 
diagram  for  oxygen.  From  these  plots  it  is  seen  that  v/ith  loW  vessel 
contents,  about  20  per  cent,  the  oxygen  temperature  after  expansion  to 
system  pressure  Is  higher  than  the  temperature  required  for  Carbon  dioxide 
freeze-OUt.  In  addition,  the  enthalpy  of  the  Cold  fluid  increases  with 
fluid  usage  until  its  Useful  heat  sink  potential  Completely  disappears 
when  its  temperature  reaches  that  required  for  Carbon  dioxide  freezing. 

Subcrltical  storage  With  positive  expulsion  appears  to  be  the  only 
storage  technique  capable  of  providing  the  constant  heat  sink  Corresponding 
to  the  constant  heat  load  of  the  system.  As  discussed  in  Section  IV  of 
this  report/  this  type  of  storage  vessel  is  not  as  reliable  nor  as  advanced 
in  the  state  of  the  art  as  the  supercritical  storage  vessels.  Usage  of 
sUbcritiCal  storage  With  bladder  pressurization  is,  therefore,  In  itself 
a  drawback  of  the  Carbon  dioxide  removal  system  by  freeze-out . 

Freeze-OUt  methods  also  are  attractive  when  ah  external  heat  sink  is 
available  aboard  the  Vehicle,  such  as  hyd rogen  stored  cfyogeni cal  I y.  Uere> 
ah  intermediate  transfer  fluid  loop  is  used  between  the  cold  hydrogen  sink 
and  the  process  air  to  Minimize  the  possibility  of  liquefying  the  process 
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Figure  87*  Fluid  Temperature  for  Constant  Prdssurd 
Delivery  -  Supercritical  Oxygen  Storage 
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FLOW  REQUIREMENT >  Ld/MAN-OAY 


Figure  90.  Carbon  Dioxide  Freeze-Out  Subsystem  FI  ow  Requi  remerit 
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HEAT  LOAD,  BTU  PER  MAN-DAY  WATER  FLOW,  LB  PER  MAN-DAY 
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C02  PARTIAL  PRESSURE,  MM  Hg 

Figure  91.  Water  Vapor  Flow  To  The  Carbon  Dioxide 
F  reeze-oof  Subsystem 
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Figure  92.  Heat  Load  for  Water  Freezing 
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Simple  Carbon  Dioxide  Freeze-Out  Subsystem  Characteristics 


1 .  Subsystem  Heat  Sink 

An  analysis  of  the  simple  freeze-out  system  depicted  in  Figure  C6 
has  been  conducted.  Oxygen  and  nitrogen  are  stored  subcritical ly  aboard 
the  vehicle  and  delivered  to  the  carbon  dioxide  subsystem  as  cryogenic 
liquids.  Evaporation  of  these  liquids  by  mixing  with  the  process  gas 
provides  the  heat  sink  required  by  the  system.  Since  the  process  is  of 
a  regenerative  nature,  the  capacity  of  the  heat  sink  required  is  a  function 
of  the  temperature  difference  between  the  inlet  and  outlet  gas.  Here  it 
is  assumed  that  the  sublimating  water  and  carbon  dioxide  are  regenerated 
to  the  temperature  of  the  outlet  process  gas.  Based  on  these  assumptions, 
the  leakage  flow  rate  from  the  cabin,  insuring  system  operation,  was  de¬ 
termined  as  a  function  of  the  hot-end  process  gas  temperature  difference. 
This  is  plotted  in  Figures  93,  94,  and  95  for  three  values  of  the  carbon 
dioxide  partial  pressure  in  the  cabin  (7.6,  5.7  and  3.8  mm  Hg).  The  zero 
leakage  flow  rate  condition  describes  a  system  where  metabolic  oxygen  only 
is  used  as  a  heat  sink. 

2.  Heat  Exchanger  Optimization 

The  methods  of  Reference  1  were  used  to  optimize  the  system  heat 
exchanger  Weight.  The  optimum  heat  exchanger  is  defined  here  by 


d  (AP) 


+  rm  [<"■><">]  -° 


(66) 


where  is  the  heat  exchanger  weight 

AP  is  the  pressure  drop  in  the  heat  exchanger 

PL  is  the  pumping  power  loss,  watts 

PP  is  the  vehicle  pumping  power  penalty,  lb  per  watt 

the  heat  transfer  surface  used  in  the  optimization  procedure  is  defined 
as  follows: 

Aluminum  plate  fin  exchanger 
Single  sandwich  construction 

16  rectangular  fins  per  in.,  0.153  in.  high,  0.004  in.  thicfe, 
1/7  in.  offset 

For  this  surface,  the  Weight  of  the  exchanger  can  be  approximated  by 


HX  f 


0.01862  w 
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LEAKAGE:  REQUIRED  FOR  HEAT'  BALANCE,  LB/MAN-DAY 


FigUre  $3.  S imp i e  Fi-eeze-dtit  Subsystem  Mefcilbaiic 
ihd  tibih  Leakage  Flow  ReqU  t teHieht 

=  3-8  m  Ha) 


FigUffe  $4.  Simple  Frfeteze-OUt  Subsystem  Metabol  ic  ahd 
tab  in  Lfeakage  Flow  ReqU i retoeht 
(pce  =  5.7  Mfl  Hgj 
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LEAKAGE  REQUIRED  FOR  HEAT  BALANCE;,  LB/MAM -DAY 


0  10  20  30  40  50 

HOT  END  TEMPERATURE  DIFFERENCE,  AT^>  °F 

Figiire  95.  Simple  Freeze-out  Subsystem  Metebol  ic  arid 
Cabin  Leakage  Flow  Requirement 
(pCq2  =  7.6  Hg) 
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where '  w 
P 

AP 

NTU 


is  the  equivalent  process  air  flow,  1 b/man-hr 
is  the  system  pressure,  psia 
is  the  pressure  drop,  in.  HgO 
is  determined  assuming  counterflow  arrangement 


Solution  of  Equation  66  yields  optimum  heat  exchanger  weight  ex¬ 
pressions  of  the  form 

WH*  =  K.  NTU,-  lb  (68> 


where  Kj  is  a  function  of  the  system  total  pressure,  carbon  dioxide  partial 

pressure,  arid  vehicle  power  penalty.  The  pressure  drop  in  the  Optimum 
heat  exchanger  system  depends  on  the  NTU  arid  a  constant,  KL,  function  of 
the  system  pressure: 

AP  =  K2  NTU,  in,  (69) 

Kj  and  are  listed  in  Table  16  for  various  cabin  conditions  and  a 
Vehicle  power  penalty  of  6.2  lb  per  watt. 

The  subsystem  heat  exchanger  weights  corresponding  to  the  cryogenic 
oxygen  and  nitrogen  flows  Of  Figures  93,  94,  and  95  have  been  calculated 
from  these  expressions  and  are  given  in  Figures  96,  97,  and  98  for  various 
cabin  conditions  and  cabin  leakage  rates, 

3.  Subsystem  Equivalent  Weight 

In  addition  to  the  heat  exchangers,  several  components  are  integral 
parts  of  :he  simple  carbon  dioxide  freeze-out  subsystem.  Host  of  these 
components  are  shown  in  Figure  86;  others  not  shown  on  the  diagram  are 
the  yal Ve-sWi tching  mechanism  and  the  redundant  valving  used  for  safety 
reasons  Wherever  a  valve  seals  the  System  against  vacuum.  For  a  typical 
three-man  subsystem,  the  Weight  of  the  System  components,  other  than  the 
heat  exchangers,  is  given  in  Table  17.  The  Variable  portion  of  the  ac¬ 
cessory  Weight  for  the  purpose  of  system  analysis  is  taken  as  a  function 
of  the  number  of  crew  members.  The  Weight  of  the  accessories  is  ex¬ 
pressed  by 

WA  =  5.1  +  3.75  s/jT  ,  (70) 

Other  factors  to  be  considered  in  Computing  the  total  subsystem 
equivalent  weight  are  the  Water  lost  by  sublimation  to  vacuum,  the  power 
losses  due  to  friction,  and  the  Use  of  the  Cooling  Capacity  of  the  gas 
supply  for  carbon  dioxide  removal . 
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TABLE  16 

SIMPLE  FREEZE -OUT  SYSTEM  OPTIMUM  HEAT 
EXCHANGER  CHARACTERISTICS 
(VEHICLE  POWER  PENALTY:  0.2  LB  PER  WATT), 


VALUES  OF  K,.: 
WHX  =  K1  NTU>  ,b 


System  Pressure,  psia 

5 

§9 

D 

,  14.7 

;  Carbon  dioxide  partial  pressure,  mm  Hg 

7.6 

0.0975 

0.1 126 

0.1256 

0.1531 

5.7 

0.1258 

0.1446 

0.1643 

0.2011 

3.0 

0.1823 

0.2105 

0.2407 

0.2969 

VALUES  OF  K2: 

AP  =  K2  NTU,  in.  H20 
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CABIN  PRESSURE j  PSIA 

figure  96f  Simple  Freeze-out  Heat  Exchanger  Weight 
( pqq  sr  3.8  mm  Hg) 
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5  10  15 

CABIN  PRESSURE)  PSIA 

Figure  97.  Simple  Freeze-out  Heat  Exchanger  Weight 
(PC02  "  5.7  mm  Hg) 
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HEAT  EXCHANGER  WEIGHT,  LB/HAN 
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CABIN  PRESSURE,  PS I A 

Figure  98.  Simple  Freeze-out  Heat  Exchanger  Weight 
(Pq02  -  7.6  mm  Hg) 


TABLE  17 


SIMPLE  CARBON  DIOXIDE  FREEZE-OUT  SUBSYSTEM  ACCESSORY  WEIGHT 

(3-MAN  SUBSYSTEM) 


Component 

Weight,  ib 

Heat  exchanger  control' val  ves  (12) 

4.2 

/  \  + 

Heat  exchanger  check  valves  (4) 

1  .2 

5jC5jC 

Valve  actuator  and  drive 

2,5 

Process  air  flow  control  valve 

0.5 

** 

Sensor 

0.1 

** 

Flow  control ler 

2.5 

Cryogenic  fluid  check  valve 

0.2 

Piping 

0.4 

Total  Weight;: 

11.6  lb 

Doubled  for  safety 
Fixed  weight  component 


The  rate  of  water  exhausted  from  the  system  is  shown  in  Figure  91. 
The  power  losses  due  to-  friction  can  be  calculated  from  the  data  or  Table 
16  for  any  Cabin  condition.  The  loss  in  Cooling,  capacity  of  the  gas 
supply  subsystem  is  on  the  order  of  90  Btu  per  lb  of  gas  supplied  to  the 
Cabin. 


Since,  the  leakage  rate  of  a  space  vehicle  is  very  difficult  to  pre¬ 
dict  with  any  kind  of  accuracy,  and  since  it  will  most  certainly  differ 
greatly  from  one  vehicle  to  the  other  of  the  same  design,  it  is  imprac¬ 
tical  to  base  the  design  of  any  vehicle  system  on  this  unknown  parameter. 

On  the  other  hand,  the  average  oxygen  metabolic  use  rate  of  the  crew 
members  can  be  estimated  and  the  freeze-out  system  safely  designed  to 
operate  On  the  crew  metabolic  Oxygen  consumption.  Variations  in  this  use 
.rate  can  be  adjusted  by  use  Of  the  inevitable  leakage  gas  supply. 

The  total  subsystem  fixed  weight  is  plotted  in  Figure  99  for  two  values 
of  the  carbon  dioxide  partial  pressure.  The  plot  was  prepared  for  a 
vehicle  power  penalty  Of  0.2  lb  per  watt.  The  subsystem  weight  depends 
somewhat  on  the  value  of  the  power  penalty.  Since  the  heat  exchanger  opti¬ 
mization  procedure  depends  on  this  parameter.  The  heat’  exchanger  weight 
at  Other  vehicle  power  penalties  can  easily  be  calculated  noting  that  it 
is  proportional  to  the  factor  (PP)®*143. 

Discussions  of  Other  Freeze-Out  Subsystems 

A  number  of  carbon  dioxide  removal  Subsystems  using  freeze-out  tech¬ 
niques  are  possible.  Among  them  are  the  simple  freeze-out  subsystem  dis¬ 
cussed  previously  in  which  the  heat  Sink  is  provided  by  an  external  Cool¬ 
ing  loop.  This  system  is  particularly  attractive  if  cryogenic  hydrogen 
is  kept  aboard  the  vehicle  for  purposes  other  than  atmosphere  control. 

Here,  because  of  the  danger  of  liquefying  the  process  air,  an  intermedi¬ 
ate  heat  transfer  loop  must  be  used.  Helium  is  normally  chosen  as  the 
heat  transport  fluid  between  the  hydrogen  and  the  process  air  stream.  , 

The  size  and  weight  of  the  freeze-out  heat  exchanger  depends  on  the  avail¬ 
able  heat  sink  as  Shown  in  Figure  400.-  However,  numerous  disadvantages 
offset  this  apparent  advantage: 

a.  Two  additional  heat  exchangers  are  necessary  for  operation  of 
the  heat  transfer  loop. 

bf  A  pump  is  required  to  circulate  the  heat  transport  fluid. 

c.  The  additional  va 1 ves  and  controls  of  the  heat  transfer  loop 
decrease  the  reliability  of  the  system. 
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(■" i gu re  99.  Simple  Carbon  Dioxide  Freeze-out  Subsystem  Equivalent  j 
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Figure  TOO.  Freeze-out  Heat  Exchanger  Weight  - 
Subsystem  with  External  Heat  Sink 


Freeze-out  subsystems  with  water  removal  are  essentially  limited  to 
short  mission  durations  because  of  the  cumulative  weight  of  the  water  ex¬ 
pelled  overboard  in  the  freeze-out  process.  Subsystems  in  which  the 
water  frozen  out  is  recovered  are  feasible;  one  of  them  is  shown  in,  Figure 
89 *.  Because  of  the  high  heat  load  involved  in  freezing  the  water  (Figure 
92)  arid  because  this  heat  is  not  recovered  regene ratively,  the  cryogenic 
metabolic  oxygen  supply  does  not  provide  a  heat  sink  of  the  heeded  capac¬ 
ity  for  system  operation.  Even  with  a  reasonable  cabin  leakage  rate,  on 
the  order  of  2  to  4  lb  per  man-day,  the  total  cryogenic  gas  supply  to  the 
cabin  is  still  not  sufficient  as  a  heat  sink.  Water  recovery  in  freeze- 
out  subsystems,  therefore,  necessitates  the  use  of  an  external  heat  sink. 

In  general,  a  heat  sink  of  the  size  and  temperature  required  here  will 
be  found  only  aboard  vehicles  where  cryogenic  hydrogen  is  stored  for  chem¬ 
ically  fueled  power  generating  units,  this  in  itself  limits  the  field  of 
application  of  the  freeze-out  subsystem  with  water  recovery  to  missions 
of  short  to  moderate  duration. 

Thus,  in  a  comparison  of  freeze-out  subsystems  with  and  without  water 
recovery,  the  weight  of  recovered  water  must  be  balanced  against  the  dif¬ 
ference  in  hardware  weight  of  the  two  systems,  Other  factors  entering 
the  comparison  are  system  comp lex i ty  and  reliability.  For  a  typical  case, 
comparison  on  an  equivalent  weight  basis  is  shown  in  Figure  101.  the 
plot  was  prepared  for  a  two-man  system,  a  cabin  pressure  of  10  psia,  and 
a  carbon  dioxide  partial  pressure  in  the  cabin  of  5.7  mm  Hg.  the  carbon 
dioxide  removal  subsystems  considered  are  the  freeze-out  subsystem  with 
Water  recovery,  the  simple  freeze-otit  subsystem  With  Water  overboard, 
the  molecular  sieve  subsystem^ and  the  1  ithiurn  hydroxide  subsystem  credited 
for  the  Water  produced.  The  comparison  is  made  oh  the  basis  of  a  powfer 
penalty  of  0.2  lb  per  watt. 

From  this  plot,  it  is  evident  that  the  slight  advantage  of  the 
freeze-out  system  at  mission  durations  over  (0  days  does  not  offset  the 
reliability  problems  posed  by  the  complex i ty  of  the  system,  in  addition, 
jnolecuTar  sieve  system  state-of-the-art  is  more  advanced.  The  system 
has  been  shown  Workable,  whereas  considerable  experimentation  is  heeded 
to-  assess  the  removal  efficiencies  and  generai  performance  ot  treeze- 
out  subsystems. 

Moreover,  for  mission  durations  ih  excess  of  about  three  weeks,  it 
is  Unlikely  that  cryogenic  hydrogen  Would  be  stdred  aboard  the  vehicle 
in  cjuahtities  sUfticieht  to  provide  the  heat  sink  tecjUired  tor  water  re¬ 
covery  in  a  freeze-o  tit  system. 

fcoricl  Us  ions 

The  simple  freeze-oUt  subsystem  described  ih  this  section  has  several 
drawbacks  which  impose  severe  restrictions  oh  its  Use  aboard  space  vehicles 

a.  A  large  number  of  valves  is,  necessary  for  continuous  system 
operation,  tight  of  these  valves  seal  the  system  against  the 
aiiibieht  vacuum  ahd  pdse  a  rfel  1  ab  III  ty  phobiem  which  mfUlehces 


Hjjtil'e  idi.  fcMf-boH  bibkitie  totti  Subsystem  Cbrt^jabtsbH 


greatly  the  selection  of  the  freeze-out  subsystem  in  preference  to- 
simpler  systems  SoCfi.  as-  the  l  ithium  hydroxide  subsystem. 

bv  The  vehicle  gas  supply  must  be  stored  and1  del  i  vered  as  a  cryogenic 
liquid-.  As  the  heat  Sink  requi  red  for  freeze -out  uses-  the  heat  of 
evaporation  of  these  Cryogenic  liquids*  the  deli  very  lines  from  the 
Storage  Vessels  must  be  well  insulated  and;  as  short  as  possible. 
This  introduces  ihstallat ion  problems  in  addition  to  the  Cited  dis¬ 


advantages  associated  with  the  use  of  posit ive -expert si On  type 
Cryogenic  vessel's.  It  should  be  noted  here  that  for  short  mission 
durations  and  liquid  loads  less  than  166’  lb*  pOSit rve -expulsion 
Vessels  are  somewhat  heavier  than  their  preferred  supercr it leal 
counterpart;  however*  the  freeze-out  system  is  not  here  penalized 
for  this  added  gas  storage  weight. 

cv  Comparative  development  relative  to  Other  Carbon  dioxide  removal 
subsystems  represents  a  third  disadvantage  Of  the  freeZe-out 
subsystem.  The  carbon  dioxide  removal  efficiency  Of  various  heat 
transfer  surfaces  Is  nOt  well  known;  also*  information  is  lacking 
in  the  field  of  heat  transfer  to  and  from  a  Sublimating  Solid.- 
In  the  analyses  conducted  here* _jt  was  assumed  that  the  sublimation 
of  Water  and  Carbon  dioxide  takes  place  at  a  rate  consistent  with 
the  rate  of  sol  id  bur Id-up  in  the  freezing  passages  Of  the  heat  ex¬ 
changer.  If  the  stffer  i mating  process  were  much  Slower  than  the 
freeZe-out  process*  addit ionaf  passages  would  be  necessary  within 
the  heat  exchanger  at  the  Cost  Of  increased  weight  and  additional 
valving. 

Comparison  On  art  equivalent  weight  basis  was  made*  however*  to 
assess  the  merits  of  the  freeZe-OUt  subsystem  as  a  means  of  atmOs- 
phefit  Carbon  dioxide  control  aboard  space  vehicles.  The  compari¬ 
son  initially  considered  short-duration  missions  on  which  water 
balance  is  unimportant.  The  simple  freeze-out  subsystem*  not  penai- 
ized  for  the  water  evacuated  overboard*  is  compared  with  the  tit h— 
turn  hydroxide  subsystem  using  vehicle  power  penalty  of  6.4  lb  per 
watt.  Figure  102  shows  the  freeze-out  subsystem  break-even  mission 
time  for  various  cabin  conditions.  On  the  basis  of  weight*  it  ap¬ 
peals  that  the  simple  freeze-out  subsystem  can  be  considered  com¬ 
petitive  for  mission  durations  on  the  order  of  i  to  S  days  and 
longer.  Because  of  the  disadvantages  inherent  in  the  freeze-out 
subsystem*  however*  this  break-even  time  is  in  practice  much  high¬ 
er  than  shown. 


The  simple  freeze-out  system  next  was  compared  on  a  med turn- 
duration  misston  basis.  Here*  the  power  penalty  used  for  the 
Comparison  was  0.2  ib  per  watt*  and  while  the  freeze-out  sub¬ 
system  was  penalized  for  the  water  evacuated  overboard*  the  Itthi 
Urn  hydroxide  subsystem  was  credited  for  the  water  generated  in 
the  reaction.  The  utilization  field  of  the  simple  freeze-out 
subsystem  is  shown  iti  Figures  it>3  and  1 04  for  a  carbon  di¬ 
oxide  partial  pressure  of  Ut  mm  Hg  and  cabin  pressures  of 
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Figure  102*  Freeze-out  Subsystem  Break-even  Weight  - 
Water  Balance  not  Considered 
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Figure  103.  Freeze-oUt  Subsystem  Weight  and  Utilization  Pietd 
(P  =  7.0  psia,  prn  =  7.6  mm  Hg) 
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OF  REACTION  I  |  I  I 


MOLECULAR 
.  SIEVE  IV 


wmmz 


s^ss 

■BBSS 


MISSION  DURATION,  days 

figure  104.-  Freeze-out  Subsystem  Equivalent  Weight  and  Util  izat ion  Field 

(P  =  10  jjsiaj  =  lit  wii  Hg) 


7  and  10  psia.  Under  these  conditions,  the  field  of  application 
of  the  freeze-out-  system  is  practically  non-existent.  Since 
the  freeze-out  system  weight  increases  appreciably  with  a  de¬ 
creasing  carbon  dioxide  partial  pressure  while  the  lithium 
hydroxide  subsystem  weight  is  fairly  constant,  the  relative 
weight  of  the  simple  freeze-out  system  deteriorates  at  lower 
carbon  dioxide  partial  pressures. 

d-  Heat  sink  problems  also  are  involved.  Because  of  the  size 
of  the  heat  sink  required,  relative  to  the  large 
amount  of  heat  transferred  in  the  exchanger,  particular  care 
in  the  design  of  the  exchanger  must  be  taken  to  reduce  heat 
conduction  from  the  warm  to  the  cold  end.  Moreover,  insulation 
of  the  heat  exchanger  to  prevent  heat  leaks  from  ambient  poses 
serious  design  problems,  since  any  heat  leaking  into  the  heat 
exchanger  corresponds  to  an  increase  in  the  cryogenic  heat 
sink  requirement  of  the  subsystem. 

CARBON  DIOXIDE  REMOVAL  BY  ELECTRODIALYSIS  PROCESS 


General 


1.  X- 1 _ 

liny  me  cai  uui 


Electrodialysis  has  been  proposed  as  a  practical  means  of  control- 
oxide  concent rs t ion  Oi  space  vehicle  Cabin  atmosphere* 
This  process  appears  very  promising  for  long-duration  missions  in  which 
system  reliability  becomes  a  primary  factor  in  system  selection.  Also, 
since  the  process  power  requirements  are  high,  its  applicability  is 
necessarily  limited  to  vehicles  on  which  the  power  source  specific  weight 
is  relatively  low,  as  for  long-duration  nuclear  or  solar  power  systems. 


A  schematic  diagram  of  an  electrodialysis  cell  illustrating  the  principle 
of  operation  is  shown  in  Figure  105.  The  ion  exchange  membranes  are  separ¬ 
ated  by  beds  of  ion  exchange  resins;  as  indicated,  the  carbonate  ions., 
formed  by  reaction  of  carbon  dioxide  with  the  anionic  exchange  resin  of 
the  bed,  migrate  toward  the  anode  through  the  anionic  exchange  membrane. 

On  the  other  hand,  hydrogen  ions  formed  at  the  anode  and  migrating  toward 
the  cathode  encounter  the  carbonate  ions  in  an  adjacent  cell,  where  water 
and  Carbon  dioxide  gas  is  formed  and  discharged  from  the  cell.  In  the 
resin  system,  hydroxyl  ions  generated  at  the  cathode  are  constantly  re¬ 
placing  those  reacting  with  carbon  dioxide  in  the  passages  where  air  flows. 

A  large  number  of  such  cells  are  manifolded  together.  Small  quantities 
of  hydrogen  and  oxygen  are  discharged  at  the  cathode  and  at  the  anode  re¬ 
spectively. 


Because  the  electrodialysis  process  is  continuous  compared  to  the 
batch  type  process  previously  considered  for  the  removal  of  carbon  dioxide, 
it  offers  the  advantages  of  simplicity  and  reliability  for  long-duration 
missions.  Another  advantage  lies  in  the  ease  with  which  the  carbon  diox¬ 
ide  removed  can  be  recuperated  for  further  processing. 


183 


r 


A  ANIONIC  MEMBRANE 

l 

C  CATIONIC  MEMBRANE 

gure  105.  Ion  Exchange  Electrodialysis  Unit 

for  Continuous  Carbon  Dioxide  Removal 
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Performance  Characteristics 


At  the  present  time  carbon  dioxide  removal  systems  based  on  electro¬ 
dialysis  techniques  are  in  the  early  stages  of  development.  Little  is 
known  about  the  performance  characteristics  of  such  systems;,  the  weight, 
size,  and  power  requirements  of  the  existing  experimental  cells  should 
be  improved  considerably  in  the  near  future.  The  effect  of  total  pressure, 
operating  temperature,  and  carbon  dioxide  partial  pressure  on  cell  design 
is  not  well  defined.  In  this  report,  the  following,  values,  based  on  a 
literature  search  and  information  received  from  cell  manufacturers,  are 
used  to  evaluate  this  system: 

Power  requirement:  117.8  watt  per  lb  of  carbon  dioxide  removed  per  day 
Cell  weight:  18.2  lb  per  lb  of  carbon  dioxide  removed'  per  day 
Heat  rejection:  302  Btu  per  hr  per  lb  of  carbon  dioxide  removed  per  day 
Hydrogen  produced:  0.000444  lb  per  lb  of  carbon  dioxide  removed  per  day 
Oxygen  produced:  0.003555  lb  per  lb  of  carbon  dioxide  removed  per  day 
Net  water  consumption;  0.004  ib  per  lb  of  carbon  dioxide  removed  per  day 
Pressure  drop  through  the  cell:  oAP  =  5  in.  H.,0 

A  schematic  diagram  of  a  carbon  dioxide  removal  subsystem  using  the 
electrodialysis  technique  is  shown  in  Figure  106.  An  estimate  of  the 
weight  of  the  accessories  shown  in  listed  in  Table  18.  The  process  air 
flow  through  the  system  necessary  for  the  removal  of  carbon  dioxide  at 
the  rate  of  2.25  lb  per  man-day  is  the  same  as  that  calculated  for  the 
molecular  sieve  subsystem  and  is  shown  in  Figure  69. 

Part  of  the  heat  generated  within  the  cell  is  dissipated  to  the  sur¬ 
roundings;  however,  most  of  it  is  dumped  into  the  gases  flowing  from  the 
cell.  These  gases  are  saturated  with  water  vapor  at  cell  outlet.  A 
considerable  amount  of  water  is,  in  this  manner>  dumped  into  the  air  pro¬ 
cessed  in  the  cell.  An  analysis  of  the  cell  operating  temperature  was 
performed  based  on  the  ceil  characteristics  listed  above;  10  per  cent  of 
the  heat  generated  in  the  cell  was  assumed  lost  to  the  ambient  atmos¬ 
phere.  In  these  conditions,  the  cell  operating  temperature  was  found  to 
vary  between  120°F  and  125°F,  depending  on  the  cell  operating  pressure. 

The  amount  of  water  carried  by  the  air  stream  out  of  the  cell  is  approx¬ 
imately  13.8  lb  per  man-day,  whatever  the  cell  operating  pressure. 

Based  on  the  above  considerations,  the  performance  characteristics 
of  the  subsystem  depicted  in  Figure  106  were  estimated  and  are  1 isted  in 
Table  19  for  a  one-man  vehicle.  The  carbon  dioxide  removal  rate  was  taken 
as  2.25  lb  per  man-day,  and  the  carbon  dioxide  was  assumed  completely  re¬ 
moved  from  the  process  air  as  it  flows  through  the  electrodialysis  cell* 

The  relative  humidity  of  the  air  at  cell  inlet  was  assumed  to  be  60  per 
cent . 
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Figure  106.  Carbon  Dioxide  Removal  by  Electrodialysis  Process 
Subsystem  Schematic  Diagram 


TABLE  18 

ELECTRODIALYSIS  SUBSYSTEM  ACCESSORY  WEIGHT 
(3-MAN  SUBSYSTEM) 


;  Component 

Weight,  lb 

i  Air  flow  control  valve 

0.3 

;  Water  flow  control  ValVe 

0.15 

•  Pressure  regulators 

1 ,4 

;  Check  ValVes 

0.6 

3ft 

SensOf 

0,1 

(  ,  jjjc 

Flow  controller 

2f,S 

.3|C 

Cell  cOhtrol 

2,2 

Total  Weight 

7,25  lb 

Fixed  Weight  accessories 
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TABLE  i 9 

ELECTROBI ALYS IS  SUBSYSTEM  CHARACTERISTICS 
(10  PS I A  SUBSYSTEM) 


. 

Parameter 

Value 

Weight 

48.2  lb/man 

Power  requirement 

265  watts/man 

Cell  operating  temperature 

125°F 

Heat  rejected  to  ambient 

68  Btu/hr  per  man 

Hydrogen  production 

0.001  lb/man-day 

Oxygen  production 

0.008  lb/man-day 

Water  entrained  by  carbon  dioxide 

0.208  lb/man-day 

Water  entrained  by  air 

13.8  lb/man-day 

Net  cell  water  consumption 

12.66  lb/man-day 

Conclusions 


A1 though,  accurate  cell  weight  and  performance  characteristics  are 
nOt  available  at  the  present  time,  the  estimates  listed  in  Table  19  are 
based  on  the  information  presently  available  and  will  be  used  in  subse¬ 
quent  Sections  of  this  report  for  integrated  system  analysis  and  com¬ 
parison  As  mentioned  previously,  several  design  factors  and  their  in¬ 
fluence  on  cell,  design  are  Unknown.  Deterioration  of  the  cell  with  usage 
also  is  an  unknown  design  parameter. 

Carbon  dioxide  removal  subsystems  using  the  electrodiaiys is  process 
are,  in  their  present  state  of  development,  much  heavier  than  molecular 
sieve  subsystems*  Their  power  requirement  also  is  much  higher.  However, 
because  of  their  simplicity  and  possible  improvement  with  development,  they 
appear  Very  attractive  for  long  mission  duration  when  the  Vehicle  power 
penalty  is  small  and  the  oxygen  is  recovered  from  the  carbon  dioxide, 
(Reference  6). 
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SECTION  VII 


RECOVERY  OF  OXYGEN  FROM  CARBON  DIOXIDE 
BY  HYDROGENATION  TO  WATER  AND  METHANE 


GENERAL 

For  space  vehicle  missions  of  extended  duration,  it  becomes  essentia! 
to  recover  oxygen  from  metabol ical  ly  produced  carbon  dioxide.  The  first 
step  in  this  direction  is  based  on  the  hydrogenation  of  carbon  dioxide  to 
methane  and  water.  This  reaction  also  is  called  Sabatier  reaction  and  is 
described  by  the. equation: 

C02  +  4  H2  — ►  CH4  +  2  H20  (71) 

The  reaction  with  suitable  Catalyst  yields  high  conversion  efficiencies 
at  moderate  temperatures.  Tests  conducted  as  part  of  Reference  5  have 
shown  conversion  efficiencies  on  the  order  of  95  per  cent  at  temperatures 
of  600°F,  with  a  catalyst  consisting  of  nickel  deposited  on  kieselguhr. 
These  tests  were  conducted  at  atmospheric  pressure;  at  reduced  pressures, 
the  conversion  efficiency  drops  somewhat  (85  per  cent  at  0.5  atmosphere, 
as  reported  in  Reference  5). 

In  Sabatier  react, ion,  which  is  exothermic,  1600  Btu  are  liberated  per 
lb  of  carbon  dioxide  converted.  This  poses  a  problem  of  reactor  design, 
since  the  reaction  is  temperature-dependent.  If  the  temperature  of  the 
bed  is  excessive,  the  catalyst  can  be  damaged,  its  life  considerably  re¬ 
duced,  and  the  conversion  effected  less  efficiently.  On  the  Other  hand, 
if  the  temperature  is  too  low,  little  conversion  will  ocCur.  A  bed  design 
Used  for  experimentation  with  considerable  success  is  shown  schematically 
in  Figure  107.  The  heater  is  used  only  to  initiate  the  process;  once 
started,  the  reaction  is  self-sustaining,  with  part  of  the  heat  of  re¬ 
action  carried  away  by  the  outgoing  process  gas. 

The  largest  part  of  the  heat  released,  however,  is  Conducted  from 
the  bed  through  the  fins  and  the  insulation  and  dissipated  to  the  ambient 
atmosphere.  Since  the  rate  of  heat  released  is  low,  this  poses  no  problem. 
Instead  of  being  dumped  to  the  atmosphere,  this  heat  can  be  recovered  for 
useful  purposes  in  the  atmospheric  control  system.  This  aspect  of  the 
reaction  will  be  considered  later.  A  catalytic  reactor  of  the  type  shown 
in  Figure  107  weighs  about  3.0  lb  for  a  three-man  system.  As  will  be 
shown,  this  weight  is  small  compared  to  the  weight  of  other  components; 
a  reactor  weight  of  1.0  lb  per  man  Will,  therefore,  be  Used  in  this  section 
to  evaluate  the  system. 

The  heat  liberated  by  the  reaction  is  available  for  use  at  other 
locations  in  the  atmospheric  control  system.  This  heat  is  available  at 
a  relatively  high  temperature  level  (600°F  to  300°F)  and  is  of  particular 
interest  for  the  desorption  of  the  silica  gel  beds  of  the  molecular  sieve 
system  described  in  Section  \ll.  Therefore*  using  the  reactor  as  a  heat 
source  in  some  other  part  of  the  system  offers  a  double  advantage:  first, 
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a  reduction  of  the  heat  dumped  into  the  vehicle  cooling  system;  second, 
a  saving  in  the  system  power  requirement.  Since  heat  at  the  temperature 
level  considered  here  is  usually  generated  by  electrical  means.  The  heat 
flow  rates  in  question  here,  however,,  are  very  small,  and  great  care  in 
packaging;  the  whole  atmospheric  control  system  is  necessary  to  prevent 
dissipation  to  the  ambient  atmosphere. 

Under  low  loading;  conditions  and  good  bed  temperature  control,  the 
catalyst  1 ife  is  estimated  to  exceed  466  hours  (.Reference  5). 

For  the  conversion  Of  2.25  lb  per  man-day  of  carbon  dioxide.  Equation 
7i  defines  the  f 01  lowing  rates : 

Hydrogen  consumption:  6.469  1 b/man-day 

Methane  p  rod  uc  t  i On :  6 . 8:1 8  1  b/man-day  ' 

Water  evolved:  1 .841  lb/man-day  . 

At  conversion  effectiveness  Other  than  1.6,  Equation  71  is  written 

C02  +  4  H2  — *>.T|  CH4  +  Ztj  H26  +  (l-q)  C62  +  4(l-q)H2  (72) 

where  q  is  the  carbon  dioxide  conversion  efficiency.- 
System  Descr  i  pt  i on 

In  the  Sabatier  reaction,  oxygen  is  recovered  from  carbon  dioxide 
aS  water.-  This  water  is  not,  in  itself,  a  very  useful  product  on  long- 
duration  missions;  however,  by  electrolysis  the  oxygeh  can  be  liberated 
from  this  water  for  further  use  in  the  cabin.  Also,  the  hydrogen  gener¬ 
ated  in  the  electrolysis  process  can  be  Used  as  part  of  that  required  for 
the  Sabatier  reaction.  Additional  hydrogen  is  necessary  for  the  methan- 
at ion  process,  since  only  two  moleS  of  hydrogen  are  produced  by  electro¬ 
lysis  of  the  water  of  reaction,  While  four  are  required  for  the  hy¬ 
drogenation  process  (see  Equation  7] ) ,  For  long  duration  missions,  the 
storage  of  cryogenic  hydrogen  for  the  Sabatier  reaction  is  impractical; 
the  hydrogen  balance  is,  therefore,  achieyed  by  supplying  t-he  electro* 
fyt  ic  cell  With  additional  Water  from  the  vehicle  Water  management  sub¬ 
s/stem  i 

An  oxygeh  recovery  subsystem  featuring  water  electrolysis  in  con* 
junctioh  with  the  Sabatier  react  ion  is  depicted  schematically  in  Figure 
1(38 i  A  discussion  of  the  major  components  of  the  subsystem  fol lows. 

1 s  Electrolytic  Cell 

The  heat  generated  ih  the  electrolytic  celi  by  the  ihefflctfehcy  of 
the  process  is  removed  from  the  cell  ih  two  ways:  first,  part  of  tbi's 
heat  is  dissipated  from  the  .celi  itself  to  the  surroundings;  second,  the 
remainder  of  this  heat  is  used  Ub  in  vaporizing  water  which  is  entrathed 
by  the  outlet  gases»  Sihte  these  gases  are  saturated  with  water  at  the 
ceil  outlet,  the  operating  temperature  of  the  ceil  is  fixed  mainly  by  the 
ceil  operating  pressure  and  by  the  heat  leaking  from  the  celi*  the 
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electrolytic  cell  characteristics  used  here  are  the  same  as  those  reported 
in  Section  IV,  namely. 

Power  input:  V 17  watts  per  lb  of  oxygen  per  day 

Cell  weight:  18.7  lb  per  lb  of  oxygen  per  day 

Heat  generated  within  the  cell:  74.5  Btu  hr  per  lb  of  oxygen  per  day 

Using  the  above  performance  parameters,  cel)  operating  tempera¬ 
tures  were  estimated  corresponding  to  '°ssures  of  7,  10,  and  14.7  psia. 
The  heat  dissipated  to  the  surroundings  *•.  taken  as  10  per  cent  of  the 
heat  generated  in  the  cell.  Temperatures  oi  i44,  159,  and  165°F  re¬ 
spectively  were  estimated  for  the  pressures  listed.  The  amount  of  water 
entrained  by  the  oxygen  and  hydrogen  streams  was  calculated  as  practi¬ 
cally  independent  of  the  Cell  pressure  and  equal  to  0,473  lb  per  lb  of 
oxygen  and  7.58  lb  per  lb  of  hydrogen.  Or  1.546  lb  per  man-day  entrained 
in... the  oxygen  stream  and  3.10  lb  per  man-day  entrained  in  the  nydrogen 
stream. 

If  the  water  carried  by  the  oxygen  stream  is  dumped  into  the  cabin, 
the  load  on  the  cabin  humidity  control  system  will  be  nearly  doubled. 

Since  the  oxygen  stream  is  saturated  with  water  at  high  temperature,  it 
fs  advantageous  to  T iquefy  this  water  before  it  reaches  the  cabin.  Re¬ 
moval  of  1.5  lb  Of  the  1,546  lb  per  man-day  entrained  can  be  achieved  by 
cool ing  the  oxygen  stream  to  50°F. 

The  water  vapor  carried  by  the  hydrogen  stream  would  greatly  offset 
the  Sabatier  reaction  equilibrium  if  piped  to  the  catalytic  reactor  with 
the  hydrogen.  It  is  estimated  that  less  than  15  per  cent  of  the  carbon 
dioxide  could  be  converted  under  these  conditions.  It  is,  therefore,  im¬ 
perative  to  remove  as  much  water  as  possible  before  the  hydrogen  enters 
the  reactor,  cooling  the  hydrogen  stream  to  50CF  and  making  possible  the 
separation  as  a  liquid  of  3.0  lb  of  water  per  man-day  from  this  stream. 

Removal  of  the  heat  dissipated  -in-the  electrolytic  cell  in  si tu  would 
reduce  the  amount  of  water  carried  by  the  oxygen  and  hydrogen  streams; 
however,  the  cell  resistance  would  increase  considerably  with  a  corres¬ 
ponding  drop  in  cell  efficiency. 

2,  Catalytic  Reactor 

The  heat  of  reaction,  as  mentioned  before,  is  available  as  a  heat 
Source  in  some  other  part  of  the  atmospheric  control  system;  however,  if 
this  heat  is  to  be  used,  the  reactor  itself  and  the  lines  carrying  the 
hot  fluid  from  the  reactor  must  be  carefully  Insulated.  Here,  since  the 
carbon  dioxide  reduction  subsystem  Is  considered  by  itself,  most  of  the 
heat  of  reaction  is  assumed  dissipated  to  the  ambient  atmosphere.  The 
methane  and  water  vapor  from  the  reactor  are  assumed  to  enter  the  cooler 
condenser  at  a  temperature  of  about  l75°F. 
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Subsystem  Characteristics 


1 ,  Material  and  Heat  Balance 


Figure  V09  shows  the  material  balance  for  the  carbon  dioxide  re¬ 
duction  subsystem  of  Figure  108.  Also  shown  are  the  power  requirement 
and  the  heat  loads  generated  within  the  subsystem.  The -values  given  are 
for  a  7-psia  subsystem.  In  general,  the  power  requirement  and  heat  loads 
are  practically  independent  of  the  operating  pressure.  Table  20  lists 
the  Subsystem  parameters  of  interest  for  operating  pressures  of  7,  10, 
and  14.7  psia. 

■  2 .  Subsystem  Weight 

The  weight  of  the  electrolytic  cell  of  the  subsystem  shown  in  Figure 
108  contributes  more  than  three  quarters  of  the  total  subsystem  weight. 
Since  this  weight  is  not  known  very  accurately,  a  detailed  estimate  of 
the  weight  of  other  subsystem  components  is  hardly  justified.  The  total 
weight  of  the  carbon  dioxide  reduction  subsystem  was  estimated  with  this 
in  mind:  Table  21  is  a  list  of  the  component  weight  Showing  a  total  Sub¬ 
system  hardware  weight  of  77.7  lb  per  man.' 


3.  Equivalent  Subsystem  Weight 


An  estimate  of  the  total  subsystem  equivalent  weight  can  be  calcu¬ 
lated  from  the  values  of  Tables  20  and  21.  It  can  be  expressed  for  a 
10-psia  subsystem  by  the  equation 

Wg  77.7  N  +  2.05  X  (WtP)  Nt  +  383  N  (.PP)  f;  453  N  (KP)  _  (73) 


where  N 

T 

(WTP) 

(PP) 

(RP) 


Is  the  number  of  crew  members 
is  the  mission  duration,  days 

is  the  water  tankage  penalty,  lb  per  lb  of  water  stored 

is  the  vehicle  power  penalty,  lb  per  watt 

Is  the  vehicle  heat  rejection  penalty,  lb  per  Btu/hr 


Obviously,  since  the  recovery  of  oxygen  is  the  function  of  the  sub¬ 
system,  it  cannot  be  credited  for  the  oxygen  produced. 

4 .  Subsystem  Utilization 

1  -  ‘ 

When  the  subsystem  equivalent  weight  becomes  smaller  than  the  Weight 
of  the  oxygen  supply  required  with  ho  oxygen  recovery.,-  the  carbon  dioxide 
reduction  subsystem  becomes  necessary  for  minimum  overall;  system  weighti 
This  occurs  when  the  condition 


W£  =  3.273  (OTP)  Nr 


(74) 
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TO;  COOLING  SUBSYSTEM 


TABLE  20 


CARBON  DIOXIDE  REDUCTION  SUBSYSTEM  CHARACTERISTICS 


System  Pressure,  psia 

7 

10 

14.7 

Power  requirement.,  watts/man 

383 

583 

383 

Heat  load  to  surroundings,  Btu/hr-man 

144 

152 

159 

Heat  load  to  cooling  system 
(50*E):  Btu/hr-man 

296 

303 

308 

Net  water  requirement:  lb/man-day 

2.158 

2.050 

1.946 

Carbon  dioxide  overboard:  lb/man-day 

0.5375 

0.225 

0. i  125 

Water  overboard:  lb/man-day 

0.0414 

0.0249 

0.0142 

Oxygen  supply  to  cabin:  lb/man-day 

3.273 

3.273 

3.273 
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TABLE  21 


CARBON  DIOXIDE  REDUCTION  SUBSYSTEM  WEIGHT  BREAKDOWN 


Component 

Wei ght,  1 b/man 

Electrolyti c  cel  1 

61.1 

02  stream  cooie r -condenser 

0.65 

H2  stream  cooler-condenser  -  - 

0.65 

02  stream  water  separator 

0.5 

H2  stream  water  separator 

0.5 

Reaction  products  cooler-condenser 

i.l 

Reaction  products  stream  water  separator 

0.5 

Water  pump- reserve! r 

1  .5 

Pump  actuator 

1.0 

Flow  controller 

3.0 

Elect rol y t i c  cell  cont rol 

1.2 

Water  flow  control  valve 

0.2 

Catalytic  reactor 

1.0 

C02  flow  control  valve 

0.25 

Cooler  -  . 

1.2 

Subsystem  pressure  regulator  (2) 

0.7 

Check  valves  (3) 

0.6 

Ducts  and  piping 

2.0 

Total  Weight 

77,65 

is  satisfied.  Here,  (OTP)  is  the  oxygen  tankage  penalty.  This  equation 
was  solved  for  the  following  conditions: 

~  Oxygen  tankage  penalty:  1.16  lb  per  lb  0^ 

Water  tankage  penalty:  1.05  lb  per  lb  H^O 
Heat  rejection  penalty:  0.04  Ib/watt 

The  resul ting  mission  duration  plotted  In  Figure  110  against  the  vehicle 
power  penal ty  gives  the  field  of  application  of  the  subsystem  On  a  weight 
basis  alone.  Other  considerations,  such  as  system  slmpl ici ty  and  relia¬ 
bility,  would  shift  upward  the  plot  of  Figure  103.  The  weight  chargeable 
to  carbon  dioxide  reduction  would  also  be  increased  somewhat  by  integra¬ 
tion  with  the  atmospheric  control  subsystem. 

Conclusions 


Recovery  of  part  of  the  metabolic  oxygen  by  reduction  of  the  carbon 
dioxide  offers  the  possibility  of  appreciable  savings  in  weight  for  long- 
duration  missions.  The  state  of  the  art  in  the  actual  reduction  process 
Is  fairly  advanced;  however,  major  problems  associated  With  oxygen  re¬ 
covery  subsystems  remain. 

The  weight  of  the  subsystem  discussed  in  this  section  is  largely 
dependent  on  the  electrolytic  cell  weight  and  power  requirement:  any 
improvement  In  these  two  parameters  would  reduce  cons iderably  the  duration 
of  the  mission  when  carbon  dioxide  methanation  becomes  appl  icable. 

Another  problem  area  is  the  recovery  of  the  carbon  dioxide  from  the 
carbon  dioxide  management  subsystem.  If  carbon  dioxide  is  to  be  recovered 
from  the  molecular  sieve,  two  techniques  can  be  used:  the  sieve  can  be 
desorbed  by  use  of  a  pump;  however,  a  better  technique  would  be  to  desorb 
the  sieve  by  flowing  through  it  the  hydrogen  necessary  for  the  reaction. 
This  necessitates  heating  of  the  sieve  bed  and  also  drying  of  the  hydrogen 
generated  in  the  electrolytic  cell.  A  control  problem  also  arises  to 
preserve  the  stoichlometr 1c  balance  between  the  hydrogen  and  the  carbon 
dioxide. 

The  carbon  dioxide  reduction  system  is  particularly  attractive  for 
use  in  conjunction  with  carbon  dioxide  removal  by  the  electrodialysis 
process.  Here,  carbon  dioxide  is  continuously  removed  from  the  process 
air  and  fed  to  the  methanation  subsystem;  thus,  control  problems  are 
greatly  simplified.  However,  as  discussed  previously,  carbon  dioxide 
removal  by  electrodlalys is  process  is  still  In  the  early  development  stage 
and  can  only  be  accomplished  presently  at  the  cost  of  very  high  system 
weight  and  power  requirement. 

At  the  present  time,  carbon  dioxide  methanation  subsystems  are  appli¬ 
cable  to  missions  in  excess  of  about  100  days'  duration.  It  is  felt  that, 
In  the  near  future,  this  Value  will  be  reduced  considerably  by  the  de¬ 
velopment  of  electrolytic  cells  and  carbon  dioxide  removal  processes. 
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SECTION  VIII 

TRACE  CONTAMINANT  MANAGEMENT 

GENERAL 

Trace  contaminants  may  be  expected  to  OCCur  i-n  space  cabins  as  a  result 
of  the  metabol  ic  processes  of  the  crew y  vaporization  of  insulating  and 
pott ing;  material s  in  electronic  equipment/ Volatilization^ of  lubricants  and 
organic  Coatings,  and  leakage  of  stored  materials  and  in-proCess  materials 
from  the  equipment.  Combustion  processes  or  overheating  Caused  by  equipment 
malfunction  COurd  rapidly  generate  large  quantities  of  toxic  gases.  Some 
of  the  possible  Contaminants  are  listed  in  Table  22.  The  occurrence  and  the 
exact  amount  of  the  contaminants  are  impossible  to  predict  teased  on  the  pro- 
sent  State  of  the  art'.  These  factors  cart  he  determined'  only  by  actual  test¬ 
ing*  aboard  Vehicles;  eVen  then  the  accidental  generation  Of  contaminants 
remains  an  unknown  parameter. 

Various  methods  of  controlling  these  contaminants  have  been  considered.- 
the  methods  suggested  fall'  into  seVeraf  classifications/  depending  On  the 
nature  Of  the  contaminant  and  On  the-  removal  process.  These  are  fisted 
below: 

I.  GaseOUs  Confam;  rrant s 

A.  Contaminant  Sofption'  by  Sblids  ^ 

1.  Activated  carbon 

ti  Molecular  sieVes 

3.  Silica  gel 

4.  Activated  alumina 

B.  Chemical  Conversion  Of  Contaminants 

f.  catalytic  oxidation 

2.  Oxidation  oy  stipe  rdx  ides 

3.  Oxidation  by  mol ybdehum  ahd  iliHgsteh  ttidxide 

4.  ozone  oxidation 

5.  photochemical  conversion 

ti  Miscel iaheoUs  Methods 

i.  Eiectrodiaiysis 

t.  fhfeeze-bllt 


TABLE  22 


POSSIBLE  CONTAMINANTS  OF  SPACE  CABIN  ATMOSPHERE 


Contaminant 

Allowable 

Concent  rat i Onr  PPM 

Hydrogen 

4  x  10* 

Carbon  monoxide 

10 

Methane 

5  x  lO4 

Hydrogen  sulfide 

20 

Hydrogen  cyanide 

10 

Aldehydes 

0.5  to  200 

Ketones 

50  to  200 

Hydrocarbons 

500  to  1000 

Hydrogens  add  halogenated  Organics 

0.1  to  100 

uzone 

0,1 

i/5C*£r?3 

--- 

Aerosols 

1 

II.  Ions,  Aerosols,  and  Particulate  Hatter 


A.  Filtration 

B.  Electrostatic  precipitation 

C.  Ultrasonic  agglomeration 

Activated  charcoal  has  a  high  adsorption  capacity  for  many  of  the 
anticipated  trace  contaminants.  It  adsorbs  effectively  the  vapors  of  most 
materials  that  are  liquid  at  temperatures  of  0®F  or  above.  This  classifi¬ 
cation  includes  most  of  the  toxic  or  odor-causing  materials  likely  to  be 
present  or  generated  in  a  space  cabin.  The  major  trace  contaminants  not 
effectively  adsorbed  by  activated  carbon  are  hydrogen,  methane,  and  Carbon 
monoxide. 

Although  synthetic  zeolites  are  available  which  will  adsorb  hydrocar¬ 
bons  and  other  contaminants  from  the  air,  they  have  less  capacity  for  these 
materials  than  activated  carbon-  They  do  nOt  adsorb  hydrogen,  carbon  mon¬ 
oxide,  or  methane  effectively  at  room  temperature.  Furthermore,  since  a 
polar  substance  such  as  water  displaces  less  polar  materials  from  molecular 
Sieves,  the  process  air  flowing  through  the  molecular  sieves  must  be  thor¬ 
oughly  dry.  Molecular  sieves  do  not  appear  to  offer  as  satisfactory  perform¬ 
ance  as  activated  charcoal  for  the  trace  Contaminant  Control  system  and, 
therefore, wil 1  not  be  discussed  further. 

Cither  solid  adsorbents  for  gases,  such  as  silica  gel  and  activated 
alumina,  are  much  less  effective  than  activated  charcoal  for  the  adsorption 
of  the  trace  contaminants  expected  to  occur  in  space  cabins. 

Low  molecular  weight  contaminants  which  cahnOt  be  effectively  adsorbed, 
such  as  hydrogen,  carbon  monoxide,  and  methane,  may  be  converted  by  catalytic 
oxidation  into  other  materials  which  are  adsorbable  or  are  noh-tOxic.  The 
best  known  catalyst  for  carbon  monoxide  and  hydrogen  oxidation  is  hopcalite, 
a  mixture  of  copper  and  manganese  oxides.  Hopcalite  is  an  effective  cata¬ 
lyst  for  the  oxidation  of  carbon  monoxide  and  hydrogen  at  moderate  tempera¬ 
tures,  but  methane  is  only  approximately  30  per  cent  oxidized  at  750°F. 

Recent  work  has  demonstrated  that  other  catalysts,  rfotably  cobalt  oxide  and 
palladium  or  alumina,  are  more  effective  than  hopcalite  for  oxidizing  meth¬ 
ane.  The  hopcalite  catalyst  was  chosen  for  considerat ion  in  this  analysis 
because  of  the  relatively  greater  amount  of  experience  and  information 
available  for  the  newer  materials.  However,  it  is  possible  that  improved 
performance  could  be  achieved  with  the  use  of  other  catalysts;  this, 
however,  requires  a  comprehensive  test  program. 

Other  methods  of  oxidation  have  been  considered,  but  the  available 
information  does  not  indicate  effectiveness  comparable  to  hopcalite.  Super- 
oxides  appear  of  some  value  in  oxidizing  various  odorous  compounds. 

Molybdenum  and  tungsten  trioxides  have  demonstrated  good  ability  to  oxidize 
hydrogen  and  carbon  monoxide.  OzOne  is  ineffective  in  hoh-tOxic  concentra¬ 
tions.  Ultraviolet  radiatioh  does  not  seem  practical  for  space  Vehicle 
application  because  of  its  power  requirements  ahd  the  associated  production 
of  Uhdesi table  compounds  such  as  Ozone. 


Fiberglass  filters  appear  the  most  satisfactory  means  of  removing  aero¬ 
sols  and  particulate  matter.  These  contaminants  may  also  be  destroyed  dur¬ 
ing  passage  through  the  catalytic  burner.  Bacteria  are  also  destroyed  in  a 
catalytic  burner  and,  in  addition,  are  adsorbed  by  activated  charcoal. 

System  Description 

The  trace  contaminant  control  system  considered  most  practical  on  the 
basis  of  present  experience  consists  of  an  activated  charcoal  canister  and 
a  hopcal ite  Catalytic  combustion  bed  with  filters,  valves,  and  piping.  A 
sketch  of  the  proposed  system  is  presented  In  Figure  111.  The  activated 
charcoal,  which  adsorbs  most  of  the  organic,  toxic,  and  odoriferous  impuri¬ 
ties  in  the  air,  is  contained  as  a  hollow  cylinder  within  a  canister.  The 
airflow  passes  from  the  outside  surface  of  the  cylinder  to  the  inside  through 
the  one- inch- thick  carbon  layer.  Figure  112  is  a  diagram  of  the  activated 
carbon  canister. 

.s  A  portion  of  the  air  coming  from  the  activated  carbon  adsorption  bed  is 

piped  through  a  heat  exchanger  and  an  electrical  heater  in  succession  before 
being  circulated  through  a  hopcal ite  bed.  The  temperature  of  the  air  enter¬ 
ing  the  hopcal ite  bed  is  750°F;  the  hot  process  air  from  the  catalyst  is 
cooled  by  the  incoming  air  in  a  regenerator  before  being  returned  to  the 
/  main  atmosphere  control  circuit*  In  practice;  the  regenerator,  heater,  and 

hopcal ite  bed  can  be  integrated'  as  a  unit  within  a  s ingle  can  is  ter.  Filters 
are  located  at  the  outlet  of  each  unit  to  trap  the  particulate  matter  carried 
by  the  air  stream. 

The  air  circulated  through  the  hopcal ite  bed  is  first  partly  decontam- 
=  inated  in  the  charcoal  bed  to  reduce  the  load  on  the  catalytic  burner.  A 

fiberglass  filter  is  provided  at  the  exit  of  the  hopcal ite  bed  to  insure 
that  no  catalyst  particles  enter  the  process  air.  As  the  air  processed 
frf  the  burner*  is' returned  to  the  main  air  stream  upstream  of  the  fan,  most 
of  it  flows  through  the  main  charcoal  bed  before  being  returned  to  the 
cabin. 

System  Analysis 

j  Since  little  is  known  about  the  nature  of  contaminants  and  their  produc- 

!  tioh  rates  within  space  vehicle  cabins,  assumptions  form  the  basis  for  system 

analysis.  The  following  assumptions  appear  reasonable  and  should  yield 
system  weight,  Which  is  somewhat  high;  however,  it  is  felt  that,  as  the 
j  '  state  Of  the  art  progresses  in  the  field  of  trace  contaminant  management, 

J  fighter  systems  Will  be  designed. 

a.  The  Cabin  atmosphere  available  to  each  crew  member  Is  125  ft’. 

b.  No  cigarette  smoking  Is  al lowed. 

c.  The  activated  charcoal  bed  and  hopcal ite  burner  operates 
continuously. 

c.  A  volume  of  air  equal  to  the  cabin  volume  is  processed  through 
the  charcoal  bed  every  hour. 
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Figure  111.  Trace  Contaminant  Removal  Subsystem 
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d.  A  volume  of  air  equal  to  the  cabin  volume  is  processed  through 
the  charcoal  bed  every  hour. 

e.  The  flow  through  the  hopcalite  bed  under  normal  conditions  is  5.21 

ft3  per  hour,  corresponding  to  one  cabin  volume  per  day. 

f. -  The  activated  charcoal  bed  life  is  taken  as  six  months,  and  the 

weight  of  activated  charcoal  required  in  that  period  is  1.6  lb 
per  man.  • 

«.  The'  hopcalite  catalyst  life  is  assumed  indefinite,  and  the  weight 
of  catalyst  required  for  the  emergency  case  is  taken  as  f.6  lb 
per  man. 

Considerable  amounts  of  high-boiling-point  acidic.  Odor-producing  con¬ 
taminants  are  removed  from  the  process  air  Stream  in  the  humidity  control 
and  the  carbon  dioxide  management  subsystems.-  This  Somewhat  alleviates 
the  load  on  the  activated  charcoal  bed  under  both  normal  and  emergency  con- 
dit  Sons. 

One  important  factor  in  the  design  Of  the  contaminant  removal  subsystem 
is  the  t fade-off  between  the  regenerator  weight  and  size  and  the  power 
gvpandsd  In  h6st i rs3  ths  process  air  through  the  hopcalite  bed  to  750®F • 
Calculations  performed  On  the  weight  of  the  regenerator  show  an  optimum  de¬ 
sign  at  an  effectiveness  of  about  90  per  cent  under  normal  Conditions. 
Obviously,  this  value  depends  on  the  actual  design  of  the  unit  and  also  on 
the  Vehicle  power  penalty.  Here,  a  penalty  of  6*2  lb  per  w-,l,t  was  used. 

The  electrical  power  Consumed  by  the  Unit  under  normal  operating  conditions 
fs  Shown  plotted  in  figure  IT  Si  ~  ' 

The  trace  contaminant  removal  subsystem  must  be  designed  to  handle  a 
normal  contaminant  production  fate  Within  the  cabin.  In  addition,  emergency 
conditions  in  the  Case  of  a  fire  or  electronic  equipment  breakdown  must  be 
considered.  Two  approaches  to  the  solution  of  the  emergency  situation  are: 
first,  the  contaminants  can  be  disposed  of  by  dumping  the  cabin  atmosphere  - 
overboa rd;  second,  the  system  Can  be  designed  to  process  the  air  at. an 
accelerated  fate*  The  optimum  solution  will  evidently  be  the  result  of  a 
trade-Off  study  between  the  additional  system  Weight  incurred  in  designing 
for  emergency  and  the  Weight  of  the  atmosphere  dumped  to  Vacuum.  Because 
it  is  impossible  to  predict  emergency  conditions,  both  means  of  contaminant 
COntrol  will  be  made  available  to  the  Cabin  occupants.  Figure  114,  showing 
the  weight  of  the  gas  contained  in  the  cabin, is  given  for  reference.  The 
hopcalite  unit  is  designed  for  very  low  pressure  drop  in  normal  operating 
Conditions,  and  the  air  exhausted  from  the  hopcalite  Unit  is  returned  to  the 
main  atmosphere  control  loop  Upstream  of  the  fan.  Thus,  ih  emergency  condi¬ 
tions,  the  fiow  through  the  hopcal i te  Unit  can  be  increased  considerably  by 
Using  all  the  available  pressure  drop. 

The  electrical  heater  must  also  be  designed  with  sufficient  capacity 
to  maintain  the  temps rat U re  of  the  catalyst  bed  at  750°F.  The  additional 
power  Used Jh  this  case  cannot  be  charged  against  the  System,  since  its 
occurrence  cannot  be  predicted,  and  other  non-essent iai  elect rlcal  equipment 
could  be  shut  off  during  the  emergency  period. 


An  estimate  of  the  subsystem  weight  is  shown  plotted  in  Figure  114  for 
a  cabin  pressure  of  7  psia.  The  plot  is  given  for  a  vehicle  power  penalty  of 
0-2  lb  per  watt  of  power  consumed.  The  weight  of  the  subsystem  will  vary 
slightly  with  the  cabin  pressure;  however,  in  view  of  the  assumptions  used 
in  the  design,  it  is  felt  that  the  plot  of  Figure  115  is  sufficiently  accur¬ 
ate  for  any  cabin  pressure. 
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SECTION  IX 


LEAKAGE  DETECTION  AND  REPAIR 


The  problem  of  leakage  detection  and  repair  in  a  space  vehicle  is 
largely  a  problem  of  leakage  detection,  and  a  question  of  access  to  the 
leakage  area.  The  first  requisite  is,  of  course,  to  know  that  the  leak 
has  occurred.  For  large  leaks  a  noticeable  drop  in  pressure  will  take 
place  and  no  special  instrumentation  is  required  to  detect  it.  For  inter¬ 
mediate  size  leaks,  perhaps  the  most  satisfactory  warning  indicator  will 
be  a.  drop  in  the  nitrogen  partial  pressure.  This  is  more  Satisfactory 
than  a  drop  in  the  total  pressure,  since  total  pressure  may  vary  somewhat 
for  different  levels  of  crew  activity  or  for  heating  or  cooling  of  the 
capsule.  However,  since  it  is  not  a  part  Of  any  of  the  metabolic  pro¬ 
cesses,  the  nitrogen  tends  to  act  somewhat  as  a  trace  gas.  A  satisfactory 
nitrogen  partial  pressure  sensor  should  be  a  good  indicator  of  leakage. 

On  a  long-range  basis,  even  minor  leaks  not  accountable  by  other 
activity  such  as  use  of  the  airlock  could  be  Shown  by  a  careful  log  of 
gas  inflow.  The  fundamental  problem  then  is  whether  or  not  the  space 
vehicle  walls  are  exposed  or  covered;  that  is,  whether  or  not  they  are 
accessible  to  the  astronauts.  For  accessible  walls  or  portions  of  Walls, 
a  number  of  ideas  may  be  considered.  For  example,  the  wall  could  contain 
a  Visual  color  indicator  responding  to  any  leakage.  The  cabin  oxygen 
could  react  with  a  Sublayer  and  Cause  a  color  change.  The  reactants  caus¬ 
ing  a  color  change  could  be  stored  in  adjacent  films  or  capsules,  as  in 
some  of  the  modern  carbon  papers,  coming  in  contact  only  on  puncture. 

A  wall  puncture  could  cause  an  imbalance  on  an  electrical  capacity 
circuit,  and,  if  this  circuit  were  well  subdivided  for  the  small  areas  of 
the  walls,  this  would  immediately  localize  the  leakage  region*  If  it 
were  feasible  to  go  outside  the  vehicle  to  detect  the  leak,  numerous 
oxygen-sensitive  or  possibly  nitrogen-sensitive  detectors  could  be  used. 
They  could  be  electrical,  electrochemical,  or  chemical  type,  or  they  could 
operate  on  a  physical  property  of  oxygen  such  as  paramagnetism.  If  it  is 
possible  for  a  man  to  go  outside  the  vehicle,  it  should  be  quite  easy  to 
detect  location  of  leaks,  and  this  may  well  prove  the  most  satisfactory 
method  for  detecting  Smaller  leaks  difficult  to  determine  internally.  If 
the  capsule  contains  two  solid  Walls  Which  could  be  broken  up  into  iso¬ 
lated  sections,  much  like  the  watertight  bulkheads  on  a  ship,  then  it 
might  be  possible  to  isolate  the  leak  by  checking  pressure  of  each  of 
these  sections.  Possibly,  too,  a  small  amount  of  helium  could  be  intro¬ 
duced  in  the  cabin  and  then  standard  helium  leak  detectors  utilized. 

Once  the  leak  has  been  found,  a  number  of  sealing  techniques  are 
possible.  The  holes  could  be  hand-sealed  by  the  astronaut;  solder,  var¬ 
nish,  various  plastics,  or  bonded  patches  could  be  used.  However,  it 
Would  be  desirable  to  have  self -seal ing  Walls,  with  hand-sealing  used 
only  as  a  backup,  or  for  large  holes.  For  example,  the  tubeless  tire 
principle  could  be  used,  where  a  plastic  coating  Would  flow  Under  a 
slight  pressure  ahd  repair  small  leaks*  The  leaking  air  could  react 


chemical ly  with  an  exposed  material  and  thus  seal  small  holes.  Also,  self¬ 
foaming  plastic,  contained  in  small  cells  under  pressure,  could  fill  the 
punctured  area  by  foaming  action  if  the  cell  is  penetrated. 


SECTION  tf 

Atmospheric  Control  systems 

f 

general 

Based  on  the  results  of  the  subsystem  analyses  performed  in  the  pre- 
cedi  no/  sections  of  this  report,  complete  space  vehicle  atmosphere  contfoT 
systems  are  described  integrating  the  following  subsystems: 

Gas  supply 

Carbon  dioxide  management 

Humidity  control 

Trace  Contaminant  removal 

Although  gas  supply  is,  in  general,  the  heaviest  subsystem,1  the  atmos¬ 
phere  control  system  arrangement  is  affected'  most  by  the  carbon  dioxide 
remove i  subsystem,  systems  considered  are,'  therefore,'  idenf  if  i’ed:  by  these 
carbon  dioxide  management  methods: 

iLithium  hydroxide 

Ffeeze-out  techn ique 

Molecular  sieve 

Electrodialysis  process 

Molecular  sieve  and  oxygen  recovery  by  carbon  dioxide  mefhaUatioh' 

ETectrodia lysis  and  oxygen  recovery  by  carbon'  dioxide  methahatloh 

In  this  section/  the  above  atmospheric  control  silibs.yS terns  are  des¬ 
cribed.  Schematic  diagrams  showing  the  arrangement  of  the  components  and 
Subsystems  ate  given  in  Figures  1 16>  i 20,  128,  133,  134,  and  136.  The 
system  weight,  power  requirement,  heat  load  on  the  vehicle  pooling  system/ 
and  material  balance  are  presented  In  parametric  form',  sufficient  data' 
are  given  to  make  possible  integration  Of  the  atmospheric  contfoT  System 
With  other  vehicle  systems/  rtameiyy  power  soUrce>  thermal  control and 
Water  management  systems. 

The  gas  supply  subsystem  is  generally  heavier  than  -a'l I  the  other  atmos¬ 
pheric  control  subsystems,  its  Weight/  if  included  in'  the  conipUtat iOrts  of 
total  system  weight/  tends  to  disguise  the  Overall  characteristics  of  any 
particular  system.  For  this  reason,,  the  gas  supply  subsystem  characteristics 
are  excluded  from  the  parametric  data  presented  In  this  sefctidh.  it  should 
be  noted  here  that  the  gas  stipply  subsystem  Is  the  safide  fot  dll  tHP  systems 
ctirls Idered,  except  when  oxygen  is  recovered  from  carbon  dioxide  oy  methan- 
atlon  and  carbon  dioxide  reniiOved  by  fi’eeze-but. 

By  simple  inspection  of  the  schematic  diagrams/  it  is  evident  that 
several  features  are  common  to  all  systems.  To  simplify  the  destription 
of  each  bhe  of  the  systems  ahd  to  prevent  unnecessary  repetitions;  these 
common  components  are  reviewed  below. 
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Gas-  Supply/  Subsystem 

The  preferred  gas  supply  subsystem- for  space  vehicle  application  uses 
supercritical  Storage  Of  gases  at  cryogenic  temperatures  ( See  Section  IV).. 
This  subsystem  is  incorporated;  in  all!  the  atmospheric  control  systems  con¬ 
sidered  here,,  except  when  carbon  dioxide  is  removed  by  freeze-out  process, 
fn  this  Casey  subcritical  Storage  with  positive  expulsion  is  necessary  to- 
provide  the  heat  Sink  required1  for  freeze-out.  The  systems  featuring  oxy¬ 
gen  recovery  from  Carbon-  dioxide  by  methanation  require  hydrogen  for  this 
process;,  storage  Of  hydrogen  as  a  cryogenic  fluid  for  long  duration  is 
impractical;,  in  this  case,-  hydrogen  is  produced  by  electrolysis  Of  water, 
the  Oxygen  generated  in  the  process  is  used  in  the  cabin.  The  pertinent 
character  1st iCS  Of  the  gas  supply  SUi&SyStems  are  given  in  Section-  IV. 

Quantity  gages  are  installed  in  the  cabin  showing  the  amount  of  Oxy¬ 
gen  and  nitrogen  left  in  the  storage  vessels.  This  is  dione  by  density 
measurement  in  the  Case  of  supercritical  Storage  vessels-.  Subcritical 
Storage  vessel  quantity  measurements  are  estimated  from  the  pressurizing 
gaS  Storage  pressure. 

delivery  of  oxygen  from  the  Storage  vessel  is  controlled  by  the  oxy¬ 
gen  partial  pressure  in  the  cabin,  and  the  cabin  total  pressure  is  used  to 
modulate  the  flow  from  the  nitrogen  Storage  tank. 

—  izoin  leakage  Detect  ion 

The  nitrogen  rate  Of  flow  from  the  storage  vessel  is  measured  and 
translated  into  cabin  leakage  rate  shown  on  an  instrument  inside  the  cabin 

Humidity  Control  subsystem 

in  all  the  atmospheric  control  systems  considered.  Cabin  humidity 
control  is  effected  by  cooler-condenser  process  With  subsequent  separ¬ 
ation  of  the  Water  as  a  liquid.  This  technique  is  discussed  in  detail 
In  Section  V>  where  the  Subsystem  characteristics  are  given  parametri¬ 
cally.  in  some  systems  described  later,  several  cooler-Condenser-sep- 
arators  are  Used  to  control  the  moisture  content  of  different  gas  streams. 

Cabin  relative  humidity  measurement  is  used  to  control  the  coolant 
flow  to  the  cooler-condenser.  This  modulates  the  process  air  tamparature 
at  the  outlet  of  the  cooler  and  the  rate  of  condensation  of  the  water 
vapor. 

the  liquid  separated  from  the  process  gas  Is  returned  to  the  vehicle 
water  management  system. 

Trace  contaminant  Removal  subsystem 

Another  feature  Common  to  ail  the  systems  considered  is  the  removal 
of  trace  contaminants  fay  circulating  cabin  air  through  an  activated  char- 
coa!  bed.  Part, of  this  flow  is  then  directed  to  a  hopcaitte  unit  consist¬ 
ing  of  a  regenerator^  electric  heater*  end  hopceiite  catalyst  bed  where 


low  boiling  point  contaminants  are  oxidized.  The  flow  from  the  hopcalite 
burner  rs  returned  to  the  system  fan  inlet  for  two  reasons:  first,  the 
oxidization  products  from  the  hopcalite  unit  are  themselves  contaminants, 
and  second,  in  case  of  emergency,  the  flow  through  the  hopcalite  unit  can 
be  increased  considerably  by  manually  Opening;  the  circuit  ftow  control 
valve.  All  the  pressure  differential  across  the  fan  is  then  available  to 
circulate  cabin  gas  through  the  unit.  A  discussion  of  this  subsystem  and 
parametric  data  is  given  in  Section  VIII. 

Redundancy'  for  Safety  and  Rel lability 

In  alt  the  systems  Considered,  two  fans  are  installed  in  parallel  to 
insure  the  flow  through  the  atmospheric  Control  system.  Each  fan  Can  handle 
all  the  flow.  For  missions  of  long  duration,-  three  fans  are  used  in  the 
system. 

Valves  sealing  the  system  against  vacuum  are  also  redundant  for  safety 
and  reliability  reasons.  , 

The  system  studies  were  conducted  for  the  following  data  assumptions 
defining  Cabin  Conditions  and  Crew  average  metabolic  processes:  o 

Cabin  temperature:  70" F 
Cabin  relative  humidity:  60$ 

Cabin  pressure:  5  to  14.7  psia 

Carbon  dioxide  production  rate:  2.25  lb/man-day 

Oxygen  consumption:  2.0  lb/man-day 

Water  evolved  in  respiration  and  perspiration:  2.2  lb/man-day 
Cabin  oxygen  partial  pressure:  (see  Figure  4) 

Cabin  carbon  dioxide  partial  pressure:  3.8  to  7.6  mm  Hg 
Leakage  of  carbon  dioxide  from  the  cabin:  negligible 
Leakage  of  water  from  the  cabin:  negligible 

these  assumptions  ore  common  to  all  the  systems  analyzed;  other  assumptions 
applicable  to  particular  systems  are  discussed  With  the  system  descriptions 
and  analyses. 

The  weights  plotted  in  this  sect  tors  are  not  a  true  criterion  for  sys¬ 
tem  comparison,  the  other  parameters  relating  the  atmospheric  control  sys¬ 
tem  to  other  Vehicle  systems  must  be  considered  to  establish  the  relative 
merits  of  the  various  atmospheric  control  systems. 

Thermal  control  of  the  cabin  atmosphere  and  equipment  is  not  considered 
in  this  report;  however,  it  should  be  pointed  out  that  part  of  the  heat  gener¬ 
ated  in  the  Cabin  Is  removed  from  the  process  air  flow  necessary  for  atmospheric 
compos  if iorf  control  .  F i rst,  the  water  Vapor  produced  by  the  cabin  occupants* 
through  respiration  ahd  perspiratloh,  is  condensed  ih  the  atmospheric  control 
System.  Second)  the  process  air  is,  in  general,  returned  to  the  cabin  at  a 
temperature  lower  than  the  cabin  air  temperature,  third)  the  cryogenic  gas 
supply  provides  a  heat  sink  which  must  be  considered  in  the  overall  vehicle 
thermal  control. 
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LITHIUM  HYDROXIDE  ATMOSPHERIC  CONTROL  SYSTEM 
General 

This  system,  as  seen  from  Figure  85,  is  applicable  to  mission  durations 
up  to  30  days,  depending  on  the  cabin  pressure  and  the  allowable  carbon  dio¬ 
xide  concentration  in  the  cabin.  The  main  advantage  of  this  system,  other 
than  weight,  is  its  great  simplicity  and  reliability.  Also,  it  is  the  most 
advanced  in  the  state  of  the  art. 

System  Description 

The  system,  shown  schematically  in  Figure  116,  uses  supercritical  stor¬ 
age  of  Oxygen  and  nitrogen  for  metabolic  and  leakage  make-up  gas  supply  to 
the  cabin.  Humidity  Control  is  effected  by  coOler-cOndenser-separator  tech¬ 
nique.  Trace  Contaminants  are  removed  by  activated  charcoal  adsorption  and 
by  catalytic  oxidation  in  a  hopcalite  bed.  Carbon  dioxide  is  removed  by 
adsorption  in  two  lithium  hydroxide  beds.  This  subsystem  arrangement  is 
discussed  in  Section  If  of  this  report. 

The  flow  through  the  system  is  clearly  indicated  On  the  system  diagram. 
The  CarbOn  dioxide  partial  pressure  in  the  cabin  is  used  to  Control  indirectly 
the  flow  through  the  lithium  hydroxide  canisters. 

The  humidity  control  is  effected  downstream  of  the  lithium  hydroxide 
beds  to  remove  the  water  evolved  in  the  carbon  dioxide  adsorption  process 
without  increasing  the  flow  through  the  system. 

System  Characteristics 

1  *  Weight 

An  estimate  of  the  weight  of  the  complete  system,  exclusive  of  the  gas 
supply  subsystem,  is  shown  in  Figure  117  plotted  against  mission  duration 
for  one-  to  five-man  vehicles.  Slight  Variations  in  weighty  due  to  cabin 
pressure  and  carbon  dioxide  partial  pressure  in  the  cab i n,  are  not  shoWn. 

2.  Power  Requirement 

Figure  118  is  a  plot  Of  the  system  power  requirement  against  the  cabin 
pressure.  Small  deviations  due  to  carbon  dioxide  partial  pressure  in  the 
cabin  and  number  of  CfeW  members  are  neglected,  the  plot  shown  here  In¬ 
cludes  the  power  necessary  for  loop  control* 

3*  Heat  Load 

The  heat  rejected  to  the  Vehicle  cooling  system  through  the  cooiar- 
Condenser  is  plotted  in  Figure  !l9.  Here,  It  Is  assumed  that  all  the  power 
Input  to  the  sys tern,  including  the  power  expended  for  loop  control,  is 
dumped  into  the  process  air  stream  and  removed  at  the  cooler-condenser . 

It  should  be  noted  that  the  air  returning  to  the  Cabin  from  the  cooler- 
condenser  is  saturated  with  Water  at  45°F>  While  the  process  air  from  the 
cabin  enters  the  system  at  7o°f  and  60  per  cent  relative  humidity. 
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Figure  116.  Lithium  Hydroxide  Atmospheric;  Cpntrol  System 
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Figure  118.  Lithium  Hydroxide  Atmospheric  Control  System 
Power  Requirement 


Figure  119, 


Lithium  Hydroxide  Atmospheric  Control  System 
Heet  Rejection 
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Material  Balance 
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....  The  atmospheric  control  system  removes  carbon  dioxide  from  the  cabin 
atmosphere  at  the  rate  of  2.25  lb  per  man-day  and  water  vapor  at  the  rate 
of  2.2  |b  per  man-day.  Liquid  water  separated  from  the  process  air  is 
returned  to  the  water  management  system  at  the  rate  of  2.92  lb  per  man- 
day. 


FREEZE-OUT  ATMOSPHERIC  CONTROL  SYSTEM 


General 


Freeze-out  processes,  although  relatively  undeveloped,  appear  pro¬ 
mising  as  a  means  of  carbon  dioxide  removal.  However,  the  water  evacuated 
overboard  limits  the  field  of  application  of  simple  freeze-out  systems  to 
short-duration  missions.  System  reliability  is  considerably  less  than  for 
other  short-duration  Systems  using  chemical  processes. 

System  Description 

The  system  uses  a  simple  freeze-out  heat  exchanger  where  carbon  dio¬ 
xide  and  moisture  are  frozen  and  subsequently  evacuated  overboard  in  a 
regenerative  manner.  Figure  120  is  a  schematic  diagram  of  the  system  show J 
ing  the  component  arrangement  and  the  process  gas  flow  through  the  system. 

Subcritical  storage  of  atmospheric  gases  with  positive  expulsion  is 
used  here  to.  provide  the  heat  sink  required  for  the  freeze-out  process. 

The  oxygen  and  nitrogen  vessels  are  pressurized  from  two  Separate 
helium  bottles.  This  greatjly  simplifies  quantity  measurements,  and  no 
weight  penalty  is  incurred [by  the  use  of  two  bottles,  other  than  the  pres¬ 
surizing  subsystem  accessory  weight. 


The  liquid  oxygen  flow  from  the  tank  is  regulated  by  the  oxygen  par¬ 
tial  pressure  in  the  cabin,  and  the  liquid  nitrogen  flow  is  controlled  by 
the  cabin  total  pressure. 

Moisture  from  the  process  gas  is  removed  in  a  cooler-condenser-sep¬ 
arator  subsystem  upstream  of  the  freeze-out  heat  exchanger  to  reduce  the  heat 
load  on  this  exchanger  and  also  to  reduce  to  a  minimum  the  amount  of  water 
evacuated  overboard.  Trace  contaminant  removal  is  achieved  by  activated 
charcoal  adsorption  and  catalytic  oxidation  in  a  hopcalite  bed. 

Operation  of  the  carbon  dioxide  freeze-out  heat  exchanger  is  control¬ 
led  as  follows:  the  flow  of  cabin  air  is  modulated  by  the  carbon  dioxide 
partial  pressure  in  the  cabin.  The  Valve  switching  mechanism  is  activated 
when  the  pressure  drop  of  the  process  air  flowing  through  the  exchanger 
exceeds  a  preset  value.  This  occurs  when  the  heat  exchanger  passages  where 
freezing  occurs  become  blocked  by  deposited  solids.  The  flow  of  cryogenic 
liquids,  oxygen,  and  nitrogen  to  the  freeze-out  heat  exchanger  is  controlled 
by  the  temperature  of  the  process  gas  at  the  heat  exchanger  outlet.  The 
excess  cryogenic  liquid  delivered  from  the  storage  vessels  is  dumped  into  the 
process  alt  returning  to  the  cabin. 
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Figure  120.  Freeze-out  Atmospheric  Control  System 


System  Characteristics 


I •  We ight 

The  weight  of  the  system  is  plotted  against  the  carbon  dioxide  partial 
pressure  in  the  cabin  in  Figures  12]  and  122  for  two  values  of  the  cabin 
pressure:  7  and  10  psia.  This  weight  estimate  was  based  on  a  cabin  leakage 
rate  of  2.5  lb  per  man-day.  This  value  seems  reasonably  conservative  for 
short-duration  mission  vehicles  where  the  simple  freeze-out  system  applies. 

2.  Power  Requ i rement 

Figure  123  gives  a  plot  of  the  system  power  requirement  on  a  one-man 
basis.  Power  is  plotted  as  a  function  of  the  cabin  total  pressure  for  a 
range  of  carbon  dioxide  partial  pressures.  The  small  variations  due  to 
the  number  of  crew  members  are  neglected. 

3.  Heat  Load 

The  heat  rejected  to  the  Vehicle  cool ing  system  at  the  cooler-condenser 
is  plotted  in  Figure  124.  The  process  air  at  cooler-condenser  outlet  is 
taken  as  45°F.  The  cryogenic  heat  sink  required  for  the  freezing  process 
is  provided  by  the  flow  of  4.5  lb  per  man  of  liquid  oxygen  and  nitrogen 
from  the  subcritical  vessels;  this  corresponds  to  a  heat  sink  of  approxi¬ 
mately  26.1  Btu  per  man-hr  at  a  temperature  on  the  order  of  225°R.  More 
accurate  values  are  given  in  Section  VI  where  freeze-out  subsystems  are 
discussed. 

4.  Material  Balance 


Carbon  dioxide  is  removed  from  the  process  air  and  evacuated  overboard 
at  the  average  rate  of  2.25  lb  per  man-day.  Part  of  the  water  vapor  pro¬ 
duced  in  the  cabin  at  the  rate  of  2.2  lb  per  man-day  is  frozen  in  the  carbon 
dioxide  removal  process  and  evacuated  overboard  with  the  carbon  dioxide.  The 
rate  of  water  lost  in  this  manner  is  plotted  in  Figure  125  as  a  function  of 
the  carbon  dioxide  partial  pressure  in  the  cabin.  This  water  is  not  recov¬ 
ered  by  the  water  management  subsystem;  however,  the  flow  through  the  humid¬ 
ity  control  subsystem  is  considerably  reduced,  since  complete  water  removal 
is  effected  in  the  freeze-out  heat  exchanger.  Calculations  were  performed 
to  determine  the  amount  of  water  carried  by  the  process  air  required  for 
cafbon  dioxide  removal.  This  is  plotted  in  Figure  126  as  a  function  of  the 
cabin  relative  humidity  for  a  cabin  temperature  of  70°F.  This  plot  shows 
that  at  low  carbon  diokide  partial  pressure,  water  is  removed  from  the  air 
stream  at  such  a  rate  that  the  cabin  relative  humidity  cannot  be  kept  at 
60  per  cent.  The  amount  of  water  removed  in  the  cooler-condenser  and  returned 
to  the  vehicle  Water  management  system  is  plotted  in  Figure  127  for  the  cabin 
relative  humidity  shown  in  Figure  ’26  (60  per  cent  maximum). 
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Figure  1 2 1 .  Freeze-out  Atmospheric  Control  System  Weight 
(Cabin  Pressure:  7  psia) 
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Figure  122.  Freeze-out  Atmospheric  Control  System  Weight 
(Cabin  Pressure:  10  psiaj 
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Figure  123.  Freeze-out  Atmospheric  Control  System  Power  Requirement 


Figure  124.  Freeze-out  Atmospheric  Control  System  Heat  Load 
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'MgliVb  1*25.  Rate  of  wkter  Evacuated1  OWtioard1  ft¥  a’  Si1## 
Frbeze-dii't!  Atikbs'iitWi*  i*e  dbW’tItbl* 
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Figure  126;  Water  Entrained  to  the  Carbon  Dioxide 
Removal  subsystem  in  a  Freeze-out  At¬ 
mospheric  Control  System 
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WATIR  RICOViRID,  U/HAN-DAY 


Figure  127.  Water  Recovered  in  Simple  Freeze-out 
Atmospher 1c  Control  System 


MOLECULAR  SIEVE  ATMOSPHERIC  CONTROL  SYSTEM 
General 

For  missions  of  moderate  to  long  duration,  molecular  sieve  atmospheric 
control  systems  presently  appear  the  most  attractive  means  of  controlling 
space  vehicle  atmospheric  compositions-  The  system,  however,  is  complex 
and  incorporates  a  large  number  of  valves,  which  makes  it  unrel  iable,  espec¬ 
ially  for  long-duration  missions-  This  stems  from  the* cyclic  nature'  of  the 
adsorption-desorption  processes  of  the  dessicant  and  molecular  sieve  beds.- 

System  Description 

The  system  is  shown  schematically  in  Figure  1 28.  Both  oxygen  and 
nitrogen  are  Stored  supercritical ly;  cabin  humidity  is  controlled  by  the 
COoler-cOndenser-separator  process;  trace  contaminant  removal  is  effected 
in  activated  charcoal  and  hopcal ite  catalyst  beds. 

The  carbon  dioxide  removal  subsystem  is  basical ly/ that  described  in 
Section  VI  of  this  report.  A  cooler  is  shown  On  the  switching  silica  gel 
beds.  Its  purpose  is  to  cool  the  beds  between  the  desorption  and  adsorption 
Cycles  to  prevent  poisoning  of  the  molecular  sieve  by  water  entrained  through 
the  desiccant  at  the  beginning  of  each  cycle. 

The  valve-actuating  mechanism  Of  the  silica  gel  bed  arrangement  is  acti¬ 
vated  when  the  water  partial  pressure  at  the  desiccant  bed  outlet  reaches  a 
fixed  preset  value.  Similarly;  cycling  of  the  molecular  Sieve  beds  is  Con¬ 
trolled  by  the  carbon  dioxide  partial  pressure  at  the  molecular  sieve  outlet. 

FOr  Safety,  three  farts  are  used  in  the  main  system  and  in  the  carbon 
dioxide  removal  subsystem.  All  the  valves  Controlling  the  flow  through  the 
molecular  Sieve  beds  seal  the  system  against  vacuum  and  are  redundant.  A 
complete  analysis  of  the  carbon  dioxide  management  subsystem  is  given  In 
Section  VI  Of  this  report. 

System  Character ist ics 

1.  Weight 

the  weight  Of  the  system  shown  in  Figure  128  is  a  function  Of  all  the 
cabin  parameters  and  of  the  number  of  men  aboard  the  vehicle.  An  estimate 
Of  the  system  weight  is  plotted  in  Figure  129  as  a  function  of  the  number 
Of  crew  members.  The  plot  was  prepared  for _a  carbon  dioxide  partial  pres¬ 
sure  in  the  cabin  Of  5.7  rilm  Hg  and  a  cabin  pressure  of  7  psia.  The  system 
weight  is  si ightly  dependent  on  the  cafbOn  dioxide  partial  pressure.  The 
analyses  Of  Section  VI  shows  a  carbon  dioxide  removal  subsystem  hardware 
weight  variation  of  approximately  10  per  cent  when  the  carbon  dioXide  par¬ 
tial  pressure  varies  from  3.8  to  7.6  riiii  Hg.  this  corresponds  to  a  system 
weight  Variation  Of  about  5  per  cent. 
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2.  Power  ff&q^iirememtr 


IHie  system  total!  power  requirement  iis  stoawim  iim  Figure  13©  platted  ver¬ 
sus  tDfie  ca&iiim  pressure  for  various  carbarn  dioxide  partial  pressures  In  the 
cabBim.  The  pilot  was  prepared  for  a  cm  e-mam  systems  Snail  variations  for 
the  number  of  crew  laandbers  were  igpnored. 

3 L  Htieatt  ILOad 

Meat  iis  dumped  from  the  atmospheric  cooling  s'ystemi  into  the  vehicle 
cool]  la®  S'jjstemi  at  three  locations-  first,  throui^h  the  cooler-condenser* 
where  the  process  air  is  assumed  cooled  to  4i5®F;  second,  through  the  cooler 
upstream  of  the  molecular  sieve  bed,  where  the  air  temperature  is  dropped 
to  third,  in  the  silica  gel  bed  cooling  process  between  the  desorp¬ 

tion  and  the  adsorption  cycles-  The  total  amount  off  heat  rejected  to  the 
vehicle  cooling  system  at  these  three  locations  is  plotted  in  Figure  131 
as  a  function  of  the  carbon  dioxide  partial  pressure  iim  the  cabin* 

ii 

HMeat  also  is  carried  to  the  cabin  from  the  hot  air  discharged ’’from 
the  carbon  dioxide  management  subsystem.  This  amount  of  heat,  calculated 
as  the  difference  between  the  subsystem  heat  content  at  outlet  and  inlet,  j 

is  shown  plotted  in  Figure  132. 

These  plots  are  based  an  average  values  and  do  not  take  into  account 
the  transient  mature  of  the  cycle;  maxi  nun  heat  loads  in  m  actual  system 
are  higher  than  shown  here. 

i, 

4.  Material  Balance  -  f 

f 

Carbon  dioxide  is  removed  from  the  cabin  atmosphere  and  evacuated  j 

overboard  at  the  rate  of  2.25  lb  per  man-day.  Mater  vapor  generated  in 
the  cabin  is  condensed,  separated  from  the  process  air  as  a  liquid,  and 
returned  to  the  vehicle  water  management  system  at  the  rate  of  2.2  lb  per 


ELECTROO IALYS IS  CELL  ATMOSPHERIC  CONTROL  SYSTEM 


System  Bescription 


Carbon  dioxide  removal  by  electrodialysis  has  been  discussed  in  Section 
VI  of  this  report.  An  atmospheric  control  system  using  this  technique  is 
shown  schematically  in  Figure  133.  The  system  uses  supercritical  storage 
of  atmospheric  gases,  humidity  control  by  cooler-condenser-separator  pro¬ 
cess,  and  trace  contaminant  management  by  activated  carbon  and  hopcalite 
catalyst.  The  system  is  essentially  for  Isag-djratics  missions  because  // 

of  its  high  power  requirement  and  high  specific  weight;  therefore,  three 
fans  are  installed  in  parallel  to  insure  process  air  flow  through  the 
system. 


Humidity  control  is  effected  damstrean  of  the_eiectrodia lysis  cell, 
because  the  air  processed  in  the  cell  is  saturated  with  water  vapor  at  cell 
outlet.  This  moisture  is  removed  in  the  same  cooler-condenser-separator  as 

•in.  * 

/  -  £» 


the  humidity  from  the  cabin. 


POWER  REQUIREMENT,  WATTS/MAN 
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Figure  133.  Atmospheric  Control  System  with  Electrodielys Is  Cell 


The  process'  air  flow  to  the  cell  is  indirectly  controlled  by  the  carbon 
dioxide  partial  pressure  in  the  cabin.'  The  water  flow  to- the  cel  1  i s*  mod¬ 
ulated  by  the  amount  of  air  processed  in  the  cell,,  its  relative  humidity,, 
and  the  cell  operating  temperature. 

System  Character  1st i cs 

By  far,  the  heaviest  subsystem  (excluding  gas  storage)  of  the  atmos¬ 
pheric  control  System  depicted  in  Figure  135  is  the  electrodialysis  carbon 
dioxide  removal  subsystem.  It  comprises  about  75  per  cent  of  the  total 
system  weight-  Similarly,-  the  other  Characteristics  of  the  electrod ial ys Is 
cell  far  outweigh  those  Of  the  other  subsystems.  Since  the  electrod la lysis 
cell  parameters  cannot  be  estimated  accurately/,  only  rough  estimates  of  the 
overall  System  characteristics  can  be  made.  The  atmospheric  control  system 
parameters  of  interest  are  l  isted  on  a  one-man  basis  in  Table  23-.  The;  car¬ 
bon  dioxide  removal  subsystem  parameters  used  here  are  given  in  Section;  V'I. 

Atmospheric  control  bv  molecular  sieve  with;  carbon  dioxide  methanation 

System  Descr i pt ion 

for  long-duration  missions-  (in  excess-  of  100-  days). ,  recovery  of  oxygen 
frdm  the  Carbon  dioxide  produced  by  respiration  becomes  a  necessity.  A 
complete  atmospheric  control  System,  in  which  the  carbon  dioxide  Is  removed' 
by  molecular  sieve  adsorption,  recovered,  and  reduced  to  methane  with  hydro¬ 
gen,  is  shown  schema t  i cal  1  y  in  Figure  l3<-.  This  system  is  basically  the  Same 
as  the  molecular  sieve  system  described  previously  with  three  additional 
features.  First,  the  carbon  dioxide  is-  recovered  from  the  molecular  sieve 
instead  of  being  evacuated  overboard.  Second,  the  hydrogen  necessary  for 
methanation  of  the  Carbon  dioxide  is  produced  by  water  electrolysis;  the 
electrolytic  cell  is  also  used  as  an  oxygen  supply  for  the  cabin.  Third, 
the  system  incorporates  a  catalytic  reactor  where  the  methanation  process 
takes  place.  The  methanation  subsystem  incorporating  an  electrolytic  Cell 
is  described  and  discussed  in  Section  VII.  Here,  only  the  integration 
aspect  of  the  subsystems  is  dis-CusSed. 

System  operation  is  as  follows:  hydrogen  produced  by  water  electro¬ 
lysis  is  first  circulated  and  cooled  in  a  cooler-condenser-separator  unit- 
Most  of  the  moisture  carried  by  the  stream  is  condensed,  separated,  and 
returned  to  the  vehicle  water  management  system.  The  hydrogen  stream  is 
.further  dried  by  flowing  it  through  a  silica  gel  bed.  It  is  then  used  to 
desorb  the  "off-stream"  molecular  sieve  bed*  The  mixture  of  carbon  dioxide 
and  hydrogen  exhausting  from  the  bed  is  introduced  irr  the  catalytic  reactor 
Where  methanation  takes  place.  Part  of  the  heat  of  reaction  leaks  through 
the  reactor  wail  into  the  molecular  sieve  bed  to  make  possible  the  desorp¬ 
tion  process*  The  hot  gases  exhausted  from  the  reactor  are  cooled  by  the 
incoming  hydrogen  and  piped  to  a  cooler-condenser-separator  Unit  where  the 
water  of  reaction  iS  recovered  and  returned  to  the  water  management  sub- 
■ -system* 
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TABLE  25 


electrodialys is  CELL  atmospheric,  control  system  characteristics 
»  C 1°  PSIA  system). 


Parameter 

\f  a  1  ue 

f  Weight 

62  lb/man 

?  Power  requirement 

510  watts/man 

|  Heat  load  on  the  vehicle  coal  ing  system 

900  Btu/hr-man 

Heat  rejected  to  ambient 

68  Btu/hr-man 

;  Temperature  of  process  air  at  system  outlet 

45°F  (sat.  with  H^O) 

Water  returned  to  vehicle  water  management  system 

14.2  lb/man-day 

Hydrogen  overboard 

O'.  001  lb/man-day 

Carbon  dioxide  overboard 

2.25  lb/man-day 

Water  overboard 

0.208  lb/mart-day 

Oxygen  production 

0.008  lb/man-day 

Water  required  for  system  operation  from 

Vehicle  Water  management  system  - 

12.20  lb/man-day 

Figure  134.  Atmospheric  Control  System  By  Molecular  Sieve 
With  Carbon  Dioxide  Methanation 


The  catalytic  reactor  is  built  into  the  molecular  sieve  bed.  In  this 
manner,  the  temperature  of  the  catalyst,  bed-  can  be  maintained  at  a  reasonably 
low-  level  by  allowing  most  of  the  heat  of  reaction  to  leak  out.  Fins  are 
used  to  carry  the  heat  of  reaction  to  the  sieve  and  to  increase  the  contact 
area  between  the  heat  source  and  the  molecular  sieve  pellets. 

Heating  elements  are  provided  within  the  molecular  sieve  bed  to  insure 
desorption  at  the  start  of  operation  and  to  maintain  stoichiometric  Composi¬ 
tion  of  the  mixture  entering  the  methanatipn  reactor.  To  initiate  the  meth- 
anatioh  process,  a  start-up  heater  also  is  provided  within  the  catalytic 
reactor. 

The  valves  controlling  the  hydrogen  flow  path  into  the  molecular  sieve 
Beds  are  actuated  by  the  same  mechanism  Operating  the  process  air  flow  valves. 
Carbon  dioxide  partial  pressure  at  sieve  Outlet  signals  Valve  switching.  The 
hydrogen  drying  silica  gel  bed  Valves  are  switched  when  the  moisture  content 
of  the  hydrogen  stream  reaches  a  preset  Value.  The 's  il  ica  gel  bed  is  desorbed 
by  hot  air  from  the  main  atmospheric  Control'  system. 

The  flow  of  hydrogen  to  the  methanation  circuit  is  regulated  by  the 
amount  of  hydrogen  and  carbon  dioxide  present  in  the  gases  exhausted  from 
the  catalytic  reactor,  if  this  stream  is  hydrogeh-f ich,  the  hydrogen  flow 
is  reduced  and  the  pressure  inside  the  electrolytic  cell  builds  Up.  The 
power  and  Water  inputs  to  the  cell  also  are  reduced  when  the  cell  Operating 
pressure  reaches  a  maximum  value.  If  the  gases  at  reactor  outlet  are  car bOn 
dioxide-rich,  the  hydrogen  flow  is  increased  with  a  corresponding  increase' 
in  power  and  water  inputs  to  '.the  electrolytic  cell. 

System  Characteristics 


1 .  Weight 

The  weight  Of  the  electrolytic  cell  of .the  system  shown  in  Figure  134 
comprises  more  than  half  of  the  total  system  Weight.  Thus,  the  effect  of 
parameters  such  as  cabin  pressure  and  Carbon  dioxide  partial  pressure  Can 
be  ignored,  since  the  electrolytic  cell  weight  cannot  be  predicted  accura¬ 
tely.  An  estimate  of  the  system  Weight  Was  made  Using  a  Cell  weight. Of 
I 8. 7  |b  per  lb  of  oxygen  per  day  produced;  the  corresponding  system  weight/ 
exclusive  of  the  gas  supply  subsystem/  is  then  estimated  at  lib  lb  per  man. 

2.  Power  Requ i rement 

The  system  total  power  requirement  Was  computed  from  the.  subsystem 
parametric  data  given  in  preceding  sections.  Figure  i 35  is  a’ plot  Of  the 
power  required  for  system  operation.  Again/  the  power  input  to  the  electro¬ 
lytic  cell  far  outweighs  that  of  the  rest  of  the  system.  In  this  plot/  the 
power  necessary  for  molecular  sieve  desbrptidH  Was  hegiected. 

3.  Heat  Rejection  Load 

The  amount  of  heat  rejected  tb  the  vehicle  cbtii Ing  system  front  the 
atmospheric  control  system  I*  estimated  to  Be  about  750  Btii/hr  ber  man. 
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Meat  also  is  dumped  from  the  system  to  the  surroundings  at  the  rate  of 
about  50  Btu/hr  per  man.  The  heat  generated!  within  the  carbon'  dioxide 
removal  subsystem  and  carried  to  the  cabin  by  the  process  air  is  shown  "" 
plotted  in  Figure  82. 

4.  Material  Balance  •  — — 

In  Table  24  are  listed  data  pertinent  to  the  system  material  balance. 
A  large  amount  of  water  is  circulated  to  and  from  the  water  management 
system.  This  water  is  pumped  into  the  electrolytic  cell  where  part  of  it 
is  converted  into  hydrogen  and  oxygen;  a  larger  portion  of  it,  however,  is 
entrained  by  the  gases  produced  in  the  cell  and  subsequently  condensed 
and  separated  from  these  streams  to  be  returned  to  the  vehicle  water  man¬ 
agement  subsystem. 

Atmospheric  control  system  by  electrodialysis  process  with  oxygen  recovery 

System  Description 

This  system  offers  the  advantage  of  great  simplicity  over  the  mole¬ 
cular  sieve  system  with  oxygen  recovery  discussed  previously.  This  stems 
from  the  fact  that  carbon  dioxide  removal  by  eiectrod ia  1  ys'rs  is  a  contin¬ 
uous  process  compared  to  the  cyclic  type  of  operation  of  the  molecular 
sieve  system.  Figure  136  is  a  system  schematic  diagram.  The  basic  system 
has  been  described  before;  the  only  addition  here  is  the  methanation  sub¬ 
system.  This  Subsystem  has  also  been  described  previously  in  Section  VII. 
Integration  of  the  carbon  dioxide  removal  and  Carbon  dioxide  reduction 
Subsystem  presents  no  problems,  as  Seen  from  the  system  diagram.  As  shown, 
the  electrolytic  cell  is  controlled  by  the  carbon  dioxide  flow  from  the 
electrodialyS is  cell.  Most  of  the  heat  generated  in  the  methanation  pro¬ 
cess  is  dissipated  to  the  surroundings,  and  contributes  to  the  load  on  the 
Vehicle  thermal  management  system. 

System  Characteristics 

The  weight,  power  consumption,  and  effectiveness  of  the  two  major 
components  of  this  system  are  not  well-known  at  present,  and  only  a  rough 
estimate  of  the  system  characteristics  can  be  made;  Table  25  lists  the 
pertinent  system  parameters  and  materia]  balance  data. 
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TABLE  24 


ATMOSPHERIC  CONTROL  BY  MOLECULAR  SIEVE 
WITH  CARBON  DIOXIDE  METHANATION 

SYSTEM  MATERIAL  BALANCE 


Parameter 

Flow  Rate, 
Ib/man-day 

Oxygen  production 

3.273 

H2O  from  water  management  system 

8.275 

H^O  to  water  management  system 

8.42 

HgO  overboard 

0.025 

COg  overboard 

0.225 

H2  overboard 

0.041 

CH^  overboard 

0,736 

Figure  136.  Atmospheric  Control  System  by  Electrodialysis 
With  Carbon  Dioxi.de  Reduction 


TABLE  25 


i"V 


ATMOSPHERIC  CONTROL  SYSTEM  BY  ELECTRODIALYSIS 
WITH  OXYGEN  RECOVERY 

SYSTEM  CHARACTERISTICS 


-  .  -  Parameter 

Value 

Weight 

1 35  1 b/man 

Power  requirement 

710  watts/man 

Heat  rejection  to  vehicle  cooling  system  (45-50°F) 

1200  Btu/hr-man 

Heat  rejection  to  ambient 

220  Btu/hr-man 

Oxygen  production 

3.281  lb/man-day 

Water  consumption  (from  water  management  system) 

20.28  lb/man-day 

Water  to  water  management  system 

20.42  lb/man-day 

Carbon  dioxide  overboard 

ti 

Methane  overboard 

0.225  lb/man-day 

0.736  lb/man-day 

Water  overboard 

0.0300  lb/man-day 

Hydrogen  overboard 

0.0409  lb/man-day 

SECTION  XI 


CONCLUSIONS 

In  this  report,  analyses  of  the  various  subsystems,,  which  are  integral 
parts,  of  complete  atmospher i c  control  systems,  were  performed.  Parametric 
data. were  given,  and  subsystems  that  perform  particular  functions  were  com¬ 
pared  on  an  equivalent  weight  basis.  The  parameters  introduced  in  the  con¬ 
cept  of  equivalent  weight  were  the  subsystem  hardware  weight,  power  consump¬ 
tion,  heat  rejection  load,  and  material  balance.  Subsystem  reliability  also 
was  discussed.  Trade-off  studies  were  presented  delineating  the  field  of 
application  of  particular  subsystems. 

The  studies  performed  on  gas  supply  subsystems  have  shown  that,  at  the 
present  state  of  the  art,  supercritical  storage  of  atmospheric  constituents 
is  preferable  to  other  storage  methods.  Subcritical  storage  with  single¬ 
phase  delivery  poses  operating  problems  which  are  presently  being  studied 
experimentally.  None  of  the  chemical  methods  of  atmospheric  gases  genera¬ 
tion  appears  competitive  with  cryogenic  storage  techniques.  However,  water 
electrolysis  will  be  applicable  as  a  source  of  hydrogen  for  long-duration 
missions  when  oxygen  is  tecovered  from  carbon  dioxide.  Intensive  experi¬ 
mental  work  is  required  to  develop  an  efficient,  lightweight,  electrolytic 
cell  for  zero-gravity  operation.  Experimental  work  also  is  necessary ' for 
the  development  of  a  reliable  subcritical  cryogenic  storage  vessel  with 
liquid  delivery.  This  type  of.  storage  vessel  is  very  attractive  for  use 
in  conjunction  with  carbon  dioxide  freeze-out  systems.  It  provides  the 
heat  sink  necessary  for  the  freezing  process  which  appears  to  have  a  defin¬ 
ite  field  of  application  in  vehicles  where  water  is  plentiful. 

Cabin  humidity  control  by  the  cooler-condenser  process,  with  subse¬ 
quent  liquid  water  separation,  seems  to  be  the  only  suitable  method  of 
water  removal  at  present.  The  subsystem  based  on  this  process  is  very 
simple  and  offers  a  double  advantage:  first,  it  can  be  used  for  complete 
thermal  control  of  the  cabin  atmosphere;  second,  the  moisture  removal 
from  the  cabin  air  is  recovered  as  liquid  water. 

An  excess  production  of  liquid  water  aboard  a  space  vehicle  is  desir¬ 
able,  since  it  can  be  used  in  an  evaporator  as  a  low- temperature  heat  sink. 
Sink  temperatures  on  the  order  of  40°F  are  not  easily  attained  with  liquid 
loop  cooling  systems;  however,  evaporation  of  excess  water  can,  for  a  very 
low  weight  penalty,  produce  these  sinks  with  a  considerable  overall  cooling 
system  weight  reduction. 

While  the  selection  of  subsystems,  such  as  gas  supply  and  humidity 
control,  are  virtually  independent  of  time,  the  choice  of  a  carbon  dioxide 
management  subsystem  is  essentially  based  on  the  vehicle  mission  duration. 
The  design  of  the  atmospheric  control  system  is,  in  this  manner,  critically 
dependent  on  the  carbon  dioxide  management  subsystem.  A  number  of  such 
systems  were  analyzed  in  this  study.  Parametric  data  have  been  presented 
and  trade-off  studies  were  performed.  The  results  of  trade-off  studies 
are  given  in  Sections  IV  through  IX  of  this  report. 


For  short-duration  missions,  lithium  hydroxide  appears  the  only 
attractive  chemical  means  of  carbon  dioxide  control-  Depending  on  the 
design  cabin  conditions,  carbon  dioxide  removal  by  freeze-out  technique 
is  definitely  applicable  to  missions  shorter  than  two  weeks.  Freeze-out 
systems,  however,  are  inherently  less  reliable  than  lithium  hydroxide 
systems.  Experimental  testing  of  freeze-out  heat  exchangers  is  recommend¬ 
ed  to  determine  the  characteristics  of  the  freezing  process-. 

For  moderate  to  long-duration  missions,  carbon  dioxide  removal  by 
molecular  sieve  adsorption  is  indicated.  Problem  areas  here  are  the  high 
system  power  requirement,  the  system  reliability  arising  from  the  large 
number  of  valves,  and  the  desorption  characteristics  of  the  desiccant 
and^  molecular  sieve  bed's.  Considerable  analytical  and  development  work 
is  required  to  fulhy  understand  the  complex  mass  and  heat  transfer  prob¬ 
lems  involved  in  these  systems,  and  to  establish  realistic  design  criteria. 

For  long-durat ion  missions,  carbon  dioxide  removal  by  the  electro¬ 
dialysis  process  appears  attractive  be«-3U‘ e  of  the  simplicity  resulting 
from  the  continuous  nature  of  this .process.  Considerable  development, 
however,  is  indicated  to  reduce  the  electrodialysis  cell  weight  and 
power  requirement.  -  .•  • 


The  problems  associated  with  oxygen  recovery  from  carbon  dioxide 
arise  from  the  integration  of  the  carbon  dioxide  reduction  subsystem  with 
the  rest  of  the  atmospheric  control  system.  Hydrogen  required  for  the 
process  is  produced  by  water  electrolysis,  which  has  been  discussed 
previously.  A  control  problem  is  associated  with  the  desorption  of 
molecular  sieve  beds  at  a  rate  consistent  with  stoichiometric  compo¬ 
sition  of  the  gases  entering  the  catalyst  bed.  Heat  recovery  from  the 
methanation  process  also  presents  a  problem. 

In  the  present  state  of  the  art,  trace  contaminant  removal  sub¬ 
system  design  is  based  on  assumptions  relative  to  the  contaminant 
production  rates  within  the  space  vehicle  cabin.  Efforts  should 
be  expended  on  the  determination  of  the  nature  and  the  generation 
rates  of  these  contaminants.  Once  the  problem  statement  is  establish¬ 
ed,  a  better  design  can  be  effected  with  present  methods  of  control. 
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